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SUMMARY
Wnt proteins have key roles in patterning of multicellular animals, acting at a
distance from their sites of production. However, it is not well understood how these
molecules propagate. This question has become even more puzzling by the discovery that
Wnts harbour post-translational lipid-modifications, which enhance association with
membranes and may therefore limit propagation by simple diffusion in an aqueous
environment. The cellular mechanisms involved in Wnt propagation are largely unknown
for vertebrate organisms.
Here, I discuss my findings on the cellular localization of zebrafish Wnt8, as an
example of a vertebrate Wnt. Wnt8 is a key signal for positioning the midbrain-hindbrain
brain boundary (MHB) organizer along the anterior-posterior axis of the developing brain
in vertebrates. However, it is not clear how this protein propagates from its source, the
blastoderm margin, to the target cells, in the prospective neural plate. For this purpose, I
have analysed a biologically active, fluorescently tagged Wnt8 in live zebrafish embryos.
Wnt8 was present in live tissue in membrane associated punctate structures. In Wnt8
expressing cells these puncta localise to filopodial cellular processes, from which the
protein is released to neighbouring cells. This filopodial release requires post-
translational palmitoylation. Although palmitoylation-defective Wnt8 retains auto- and
juxtacrine signaling activity, it fails to signal over a long-range. Additionally, this Wnt8
palmitoylation is necessary for regulation of its neural plate target genes. These results
suggest that vertebrate Wnt proteins use cell-to-cell contact through filopodia as a short-
range propagation mechanism while released palmitoylated Wnt is required for long-
range signaling activity.
Furthermore, I show that a Wnt8 receptor, Frizzled9 can negatively influence
Wnt8 propagation and signaling range. Finally, I was able to determine the presence of an
endogenous Wnt8 gradient in the neurectoderm. I discuss these findings in the context of
Wnt8 signaling function in mediating anterior-posterior patterning during early brain
development.
Abbreviations
9
ABBREVIATIONS
A-P anterior-posterior
BMP Bone Morphogenetic Protein
DAB diaminobenzidine
D-V dorsal-ventral
°C degrees Celsius
C-terminus carboxy-terminus (of a peptide)
C(ys) cystein
DIG digoxigenin
DNA desoxyribonucleic acid
Dpp decapentaplegic
Fgf Fibroblast growth factor
Fz Frizzled
GFP Green fluorescent protein
GPI glycosylphosphatidylinositol
Hh Hedgehog
hpf hours post fertilization
HRP horseradish peroxidase
HSPG heparan sulfate proteoglycan
Hyb hybridization buffer
kDa kilo Dalton
mAb monoclonal antibody
min minutes
MHB midbrain-hindbrain-boundary
N-terminus amino-terminus (of a peptide)
PCR polymerase chain reaction
PBS phosphate buffered saline
PFA paraformaldehyde
RFP Red fluorescent protein
Abbreviations
10
(m)RNA (messenger) ribonucleic acid
S(er) serine
Shh Sonic Hedgehog
Tg Transgenic
TGF Transforming Growth Factor
UTR untranslated region
Wg Wingless
Wnt Wg-type MMTV integration site
wt wildtype
Y tyrosine
YFP Yellow fluorescent protein
Introduction
11
1 INTRODUCTION
One of the most fascinating processes in biology is the development of a
complex multicellular and functional organism from a single cell, the fertilized egg. This
transition is the subject of developmental biology, a discipline that integrates knowledge
coming from studies at distinct levels, reaching from molecular and cell biology to
ecology and evolutionary biology. Conversely, the knowledge acquired through the
analysis of developmental processes, can be applied to many other diverse areas,
including the study of human pathological conditions, such as degenerative disorders or
cancer.
In order to generate a complex and multi-functional organism, the fertilized egg
or zygote must deal with important problems during embryonic development. These
problems can be grouped into four categories: regional specification, differentiation,
morphogenesis and growth. Regional specification deals with how pattern appears in a
previously similar population of cells. Differentiation means the generation of cellular
diversity, that is, the creation of different cell types – skin cells, neurons, muscle cells,
etc. – from a single cell. Morphogenesis can be defined as the creation of ordered form
–cells are not randomly distributed but rather organized into tissues and organs, which in
turn are orderly arranged in the body. Growth refers to increase of size and control of
portion between body parts (Slack, 1991; Gilbert, 2006; Slack, 2006).
In this thesis I focus on the problem of regional specification, also called pattern
formation. Although initially equivalent, the cells in different regions of the embryo have
to be programmed to form different body parts. The specification of distinct structures is
prefigured at the molecular level by the creation of gene expression patterns in the
developing embryo, which reflect a tightly regulated spatio-temporal activation of some
genes and repression of others. This precise regulation in space and in time is greatly
dependent on the ability of cells to communicate with each other, a process also referred
to as intercellular signaling. Communication between cells can occur through several
different mechanisms, some of which will be described in detail below. Particularly
important for the formation of the main body axes (anterior-posterior and dorsal-ventral)
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during early embryogenesis, is the establishment of gradients of signaling molecules.
Using the zebrafish as a model of vertebrate development, this thesis focuses on the
mechanisms of intercellular communication of a particular class of signaling molecules,
the Wnt proteins, and their consequences for pattern formation, with special reference to
the anterior-posterior patterning of the brain. In this chapter, I will therefore briefly
introduce zebrafish as the model organism used in this study. Then, I will describe the
initial processes involved in formation and patterning of the brain. Following that, I
review the mechanisms of propagation of signaling molecules. Finally, I will provide an
overview of the Wnt signaling pathway.
1.1 The zebrafish as a model system
The zebrafish (Danio rerio) has become an important model organism to study
vertebrate development, physiology and disease mechanisms. The fish are easily
maintained, breed all year and most importantly, have transparent embryos that develop
outside the mother and are therefore suitable for experimental manipulations and
microscopic observations. In combination with fluorescent reporter genes that can be
assayed in living tissue, it is possible in zebrafish to visualize changes in gene expression
and detailed morphogenetic movements as they occur in a live, developing embryo. The
afore mentioned properties and the relatively large size of zebrafish embryonic cells
make this organism particularly suitable to address the questions of this study.
Zebrafish have a short generation time of approximately three months and the
embryonic development is completed within two days culminating in a free swimming
larva. A number of useful genetic techniques, such as mutagenesis and mapping
procedures, the production of haploid embryos or of homozygous diploid strains, were
established by George Streisinger and colleagues (Streisinger et al., 1981). Furthermore,
large-scale genetic screens have provided several thousand mutations affecting genes
with essential functions in a wide array of biological processes, ranging from early
embryonic patterning to organogenesis (Driever et al., 1996; Haffter et al., 1996). In
addition, knock down techniques have become available, by the use of morpholino
antisense oligonucleotides that are targeted to the translation initiation site of a specific
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transcript, thereby inhibiting its translation (Nasevicius and Ekker, 2000). Recently,
efficient generation of knockouts was shown to be possible by using target-selected
mutagenesis: random mutagenesis, followed by screening for mutations in target genes
(Wienholds et al., 2003).
In addition to screening for mutations that perturb normal development,
zebrafish have also been used to screen for small molecules that disrupt specific
developmental pathways. A few synthetic small molecules were found to exert specific
effects on the morphology of the developing central nervous system, cardiovascular
system, ear, or pigmentation (Peterson et al., 2000). It is also possible to screen for small
molecules with therapeutic value using fish that phenocopy human disease [reviewed in
(Shin and Fishman, 2002)].
1.2 Embryonic development of zebrafish
In Figure 1.1 important stages of early zebrafish development, including the
common nomenclature, are depicted (Kimmel et al., 1995). Upon fertilization, the extra-
embryonic chorion lifts from the zygote and cytoplasmic streaming generates a large
blastodisc on top of the yolk. Therefore at the one-cell stage, an animal-vegetal axis can
be defined, where the animal pole refers to the cytoplasm-rich region and the vegetal pole
to the yolk-rich region. Subsequently, the cleavage period starts, with rapid and
synchronous divisions occurring within the blastodisc. Cleavage is meroblastic as it
involves only the animal pole region of the embryo. The first three cleavages are vertical,
generating an eight-cell stage embryo, composed of two rows of four blastomeres, which
remain connected to the yolk by cytoplasmic bridges. After three hours of development,
cleavage gives rise to a pile of approximately one thousand cells (blastoderm) sitting on
top of the yolk, which constitute the blastula embryo. During the mid-blastula transition,
cell divisions lose their synchrony, the average cell cycle duration increases and zygotic
transcription is activated.
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Figure 1.1. Development of the zebrafish.
Stages are named after anatomical features and the developmental age at 28ºC. The percentage of
epiboly describes the degree of coverage of the yolk cell by the blastoderm. The embryos are
illustrated in lateral views; germ ring and shield stage embryos are also shown from the top. Until
25h, the dorsal side of the embryo is on the right. This figure is modified after camera lucida
drawings of Kimmel et al. (1995).
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At about 4 hours post fertilization (hpf), the blastoderm is thinned via
intercalation of cells and starts to spread over the yolk, in a process called epiboly. The
developmental stages are then defined as the percentage of epiboly, that is, the extent of
yolk coverage. Gastrulation commences at 50% epiboly when the margin of the
blastoderm begins to involute what results in a thickening around the margin, the germ
ring. At about 6 hpf, cells move from lateral and ventral regions of the blastoderm
(convergence) and accumulate at the future dorsal side of the embryo, forming the
embryonic shield. In addition, cells intercalate at the future midline leading to a
lengthening of the anterior-posterior axis (extension). The gastrulation process gives rise
to the three different germ layers of the embryo: ectoderm, mesoderm and endoderm. At
the end of the gastrulation period (tailbud stage, 10 hpf) the main body axes have been
specified.
After the tailbud stage, the segmentation period starts. During somitogenesis, the
paraxial mesoderm is progressively subdivided into blocks of tissue, the somites.
Simultaneously, in the process of neurulation, the ectodermal neural plate is transformed
into a neural tube. At the end of the segmentation period, at about 24 hpf, the embryo
enters the pharyngula period, when most of the organ primordia become morphologically
visible. A swimming larva hatches from the chorion at about 48 hpf.
1.3 The organizer concept
In all vertebrates, the formation of the principal body axis depends on the
establishment of an organizing centre. Multiple interactions between this organizing
centre and the surrounding tissues during gastrulation will generate a basic body
“bauplan” of the vertebrate embryo. The classic grafting experiments by Hilde Mangold
and Hans Spemann in newt embryos provided primary evidence for inductive interactions
between different embryonic tissues. The dorsal blastopore lip of a donor newt gastrula,
when transplanted into an undifferentiated region of another embryo, was able to induce
the formation of a secondary axis in the host embryo (Spemann and Mangold, 2001).
Most importantly, the resulting axis did not only originate from graft-derived cells, but
also instructed cells of the host embryo to differentiate into tissues that they normally
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would not have formed. Because of these properties, the dorsal blastopore lip was
referred to as an organizer. Since then, comparable organizing centres have been found in
other vertebrates such as the node, in mouse, the Hensen’s node, in chicken or the
embryonic shield, in zebrafish (Joubin and Stern, 2001).
Although the term organizer was initially associated with the ability to induce a
correctly patterned secondary axis, the concept has been more widely used to describe a
defined cell population that is able to pattern surrounding tissue, such as the zone of
polarizing activity in the limb buds (Capdevila and Izpisua Belmonte, 2001; Niehrs,
2004). In zebrafish, a tail organizer was recently identified (Agathon et al., 2003). Several
organizers help to pattern the developing brain during early stages of development. These
include the anterior neural ridge or row1 in the vertebrate forebrain (Shimamura and
Rubenstein, 1997; Houart et al., 1998), the zona limitans intrathalamica (Kiecker and
Lumsden, 2004) and the midbrain-hindbrain-boundary (MHB) organizer (Rhinn and
Brand, 2001; Wurst and Bally-Cuif, 2001; Raible and Brand, 2004).
1.4 Early development of the vertebrate brain
Despite its complexity, the vertebrate brain originates from a simple sheet of
neuroepithelial cells, the neural plate. Under the influence of early signals, the neural
plate is progressively subdivided along the anterior-posterior axis into distinct areas and,
at the end of gastrulation, comprises the primordia of the forebrain, midbrain, hinbrain
and spinal cord.
1.4.1 Zebrafish nervous system fate maps
Understanding the processes of induction and patterning of the neural plate
requires knowledge of the positions of brain primordia along these processes. Fate maps
depict, at a specific developmental stage, what the different regions of an embryo will
become during normal development.  Elegant work by Katherine Woo and Scott Fraser
provided a detailed fate map of the anterior nervous system of zebrafish at two stages: the
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beginning (6hpf) and the end (10hpf) of gastrulation [Figure 1.2; (Woo and Fraser,
1995)].
The 6h fate map demonstrates that at early gastrulation, discernible domains in
the dorsal blastoderm can be assigned to major subdivisions of the brain. These domains
become progressively distinct as gastrulation ends at 10hpf. The transition between the
two fate maps is mediated by a rearrangement of the dorsal blastodermal cells, consisting
of two components: (1) an anterior flow of the forebrain progenitor population and (2) a
concurrent translocation/rotation of the midbrain-hinbrain-spinal cord domains from their
lateral positions to a location posterior to the forebrain domain.
Figure 1.2. Organization of the zebrafish central nervous system.
(A,B) Summary fate map at 6h and 10h, respectively. Domains occupied by progenitors of each
brain subdivisions are coded with their representative colors, as shown in the key. Areas of
overlap between any two domains are shaded with a mixture of the their respective colors. From
Woo and Fraser, 1995.
1.4.2 Neural induction
Neural induction is the process by which embryonic cells in the ectoderm make
a decision to acquire a neural fate (to form the neural plate) rather than give rise to other
tissues, such as epidermis. Despite being a topic of intensive study, there is no consensus
with respect to the mechanisms and signal involved in neural induction. An influential
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model proposed a decade ago, the ‘default model’, postulated that in the early embryo,
ectodermal cells have a ‘default’ neural fate, which they adopt if they receive no signals
at all from neighbouring cells, and that during normal development, bone morphogenetic
proteins (BMPs) inhibit this fate and specify epidermis on the ventral side of the embryo
[reviewed in (Stern, 2006)]. Two recent papers reveal that depletion of three different
BMPs, together with the related protein anti-dorsalising morphogenetic factor (ADMP)
or with elimination of the organizer region where ADMP is normally expressed, results in
the formation of a massive brain (Reversade and De Robertis, 2005; Reversade et al.,
2005). These results are taken to support the default model, indicating that inhibition of
BMP activities in the early embryo is sufficient to cause great expansion of the nervous
system at the expense of epidermis. A similar view emerges concerning the endogenous
inhibitors of BMP activity, such as Noggin, Chordin and Follistatin. In zebrafish,
Follistatin-like 2 (fstl2) and Noggin1 both act redundantly with Chordin to pattern the
dorsoventral axis of the embryo. Interestingly, the phenotype of Chordin–Noggin1
double-morphants can be rescued by either follistatin1 or fgf8, apparently supporting the
notion that FGF signaling can act as an additional BMP antagonist (Dal-Pra et al., 2006).
Other studies implicate FGF signaling in neural induction, although their precise mode of
action remains controversial. Several studies cast doubt on the simplest version of the
default model as a sufficient explanation for neural induction. In Xenopus, FGF signaling
is suggested to play a role at an earlier stage and independently from its ability to inhibit
BMP signaling (Linker and Stern, 2004; Delaune et al., 2005). In chick, it is now shown
that BMP signals do inhibit the expression of a ‘definitive’ neural plate marker, Sox2, but
not of the earlier marker, Sox3 (Linker and Stern, 2004). Also in zebrafish, FGFs have
been implicated in the induction of neural fate of vegetal ectoderm (Kudoh et al., 2004;
Rentzsch et al., 2004).
In addition to FGF, Wnts have also been implicated in neural induction. In chick
epiblast explants it was suggested that Wnt inhibition cooperates with FGF to induce
neural fates (Wilson et al., 2001), while in Xenopus it was proposed that Wnt activation
is required for neural induction (Baker et al., 1999). A new study in Xenopus showed that
blocking canonical (β-catenin-dependent) Wnt signaling by different means results in
expansion of the neural plate (Heeg-Truesdell and LaBonne, 2006). The reason for the
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discrepancy between these sets of results is almost certainly timing. At very early stages,
canonical Wnt signaling is required for specification of the dorsal side of the whole
embryo, where the organizer will form, and this structure is in turn required for patterning
neural and non-neural domains of the later embryo. At later stages, canonical Wnt
signaling may have an additional, inhibitory influence on the acquisition of neural fates.
However, the stage at which this occurs and the sources of signals responsible for
inhibiting Wnt at this later stage remain unclear (Stern, 2006).
1.4.3 Anterior-posterior patterning
Three main models account for anterior-posterior patterning in the early stages
of development, when the body axes are established. An early model is based on Otto
Mangold’s observations that grafts of different levels induce specific regions of the
nervous system: most rostral tissue induces a head, intermediate levels induce a trunk and
most caudal levels induce a tail (Mangold, 1933). Mangold’s hypothesis that there are
several distinct organizers and that each region of the body is induced separately is
referred to as the head/trunk/tail organizer model [reviewed in (Stern et al., 2006)].
Several findings have been interpreted as supporting this model. For instance,
misexpression of BMP antagonists tend to generate ectopic head structures and this effect
is potentiated by simultaneous inhibition of BMP and Wnt signals. In contrast,
misexpression of Fgfs only generates trunk/tail structures. An alternative proposal, the
two-step activation-transformation model, was put forward by Peter Nieuwkoop in 1952:
initial induction (activation step) produces neural tissue with anterior character and later
signals (transformation step) gradually modify it to generate more posterior regions
[reviewed in (Nieuwkoop, 1999)]. Although Nieuwkoop proposed that the transforming
signal came from the organizer itself, recent studies show that they are produced by non-
axial mesoderm. Several molecules, such as Wnts, Fgfs and retinoic acid, have been
implicated in the transforming (posteriorising) activity (Rhinn et al., 2006; Stern et al.,
2006). A third alternative has been recently proposed: the three-step model, which
consists of a modified version of Nieuwkoops’s model with an intermediate, stabilization
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step (Stern, 2001). It proposes that activation establishes an early unstable (pre-
neural/pre-forebrain) state and later stabilizing signals consolidate then neural fates.
1.5 Positional information and morphogens
Many of the molecules shown to mediate embryonic induction were
subsequently demonstrated to work in a concentration dependent manner. These findings
were in agreement with previous theoretical concepts of pattern formation, which
postulated the existence of form giving substances, or “morphogens” (Turing, 1952;
Wolpert, 1969). By definition, morphogens are signaling molecules produced by a
localized source of cells and then released into a field of adjacent cells establishing a
gradient of concentration. The local concentration of the morphogen provides positional
information to cells of the receiving tissue. Cells exposed to a low concentration of the
signaling molecule respond by expressing low threshold genes, while others, exposed to a
higher concentration respond by expressing high threshold genes (Figure 1.3) (Entchev
and Gonzalez-Gaitan, 2002). Another characteristic of morphogens is their direct effect
on cells at a distance, which excludes the involvement of relay mechanisms. This concept
provides an attractive explanation of how cells in the embryo acquire positional
information and how the multitude of cellular differences is coordinated by a much lower
number of signaling molecules.
Several molecules have been proven to function as morphogens during fly and
vertebrate development. These molecules include Hh with its vertebrate homolog Shh,
Wnt family members, like Wg, and members of the TGFb family, such as Dpp (Tabata
and Takei, 2004). Furthermore, Squint has been shown to act as a morphogen during
early zebrafish development (Chen and Schier, 2001), while Activin is implicated in a
dose dependent patterning of Xenopus mesodermal tissue (McDowell et al., 2001).
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1.6 Morphogen gradient formation
Although significant progress in understanding the mechanisms by which
morphogens regulate pattern formation has been made, considerable debate exists on how
these molecules propagate through tissue in the developing embryo. Studies involving
analysis at the cellular and even sub-cellular level have contributed to the postulation of
several models for the mechanisms by which the morphogen molecules might move
through a developing tissue (Teleman et al., 2001; Tabata and Takei, 2004; Zhu and
Scott, 2004) . In the following, I enumerate the four main models proposed for
morphogen propagation (see also Figure 1.4), with particular focus on Wnt signaling
molecules.
1.6.1 Diffusion
The simplest model predicts that morphogen molecules secreted from their
source diffuse through the extracellular space and thereby create a gradient of
concentration, with the highest concentration closest to the source. Experimental
evidence for this mechanism comes from studies of Transforming Growth Factors (TGF)-
β family members in the frog embryo: activin, TGF-β1 and Xnr2 were shown to form
Figure 1.3. Morphogen gradient
formation by extracellular
diffusion.
Morphogenetic signaling model.
Secreted morphogen (green dots) is
released (arrow) from a restricted
region (green cells) in the
developing epithelium (A1, z-
section; A2, xy-section) and forms
a spatial gradient of concentration
(A3). Different target genes are
expressed above different
concentration thresholds (C1, C2).
Above C1, target gene x (red) is
activated; above C2, target gene y
is activated (pink). From Entchev
and Gonzalez-Gaitan, 2002.
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gradients by passive diffusion (Gurdon et al., 1994; McDowell et al., 2001; Williams et
al., 2004). Similarly, in the case of Wg, an extracellular gradient was detected in the wing
disc and the speed of Wg movement was shown to be compatible with diffusion within
the extracellular space (Strigini and Cohen, 2000). In zebrafish, a recent study suggests
that also Fgf8 spreads extracellularly by a diffusion-based mechanism (Scholpp and
Brand, 2004). However, a secreted GFP fusion protein composed of GFP and the
secretory transport domains of Dpp fails to form a gradient indicating that molecular
diffusion alone cannot explain the graded distribution of a morphogen (Entchev et al.,
2000). Additionally, theoretical studies favor restricted diffusion, which implies
interaction between the morphogen molecules and cell surface molecules such as the
receptors and heparan sulfate proteoglycans (HSPGs), in extracellular spaces as a
mechanism by which morphogens traffic through tissues (Kerszberg and Wolpert, 1998;
Lander et al., 2002; Eldar et al., 2003).
1.6.2 Planar transcytosis
Transcytosis involves transport of morphogens by repeated cycles of
endocytosis and recycling to the cell surface. This mechanism was shown to operate for
Decapentaplegic (Dpp), in the wing disc epithelium of Drosophila (Entchev et al., 2000).
Transcytosis was proposed for Wg based on its presence in endocytic vesicles (Gonzalez
et al., 1991). However, a recent study comparing Dpp to Wg, suggests that the latter, in
contrast to the former, does not required endocytosis for establishing a gradient (Kicheva
et al., 2007). In the case of Fgf8, its propagation through target tissue is carefully
controlled by endocytosis and subsequent degradation in lysosomes, or "restrictive
clearance," from extracellular spaces (Scholpp and Brand, 2004). Work from the Eaton
group shows that endocytosis restricts the spread of Wg with little contribution from
subsequent degradation or recycling (Marois et al., 2006). These results argue against Wg
propagation through transcytosis.
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1.6.3 Argosomes
An alternative model suggests the involvement of particles called argosomes in
morphogen propagation. In a study of cell membrane dynamics, a GPI-linked form of
GFP was found in small particles at a distance from their site of expression, which were
then called argosomes (Greco et al., 2001). The fact that Wg colocalised with argosomes
and both propagated at a similar velocity, suggested that argosomes could be vehicles for
Wg spreading (Greco et al., 2001). In a recent study from the same group, argosomes
were suggested to consist of exogenous lipoprotein particles required for both Wingless
and Hedgehog transport (Panakova et al., 2005). Hedgehog (Hh) proteins belong to
another family of lipid-modified morphogens whose pathway has similarities to the Wnt
pathway (Kalderon, 2002; Mann and Beachy, 2004; Eaton, 2006). Sonic Hedgehog
(Shh), the vertebrate homologue of Hh, was proposed to propagate in exovesicules,
termed Nodal Vesicular Parcels, carried by nodal cilia movement (Tanaka et al., 2005).
1.6.4 Cytonemes
A mechanism for transport of mrophogens involving direct cell contact transfer
was proposed in Drosophila, based on the observation that cells extend long cytoplasmic
projections, named cytonemes, toward a morphogen source (Ramirez-Weber and
Kornberg, 1999). Cytonemes were then shown to extend towards Dpp-secreting cells and
to contain vesicles with the Dpp-receptor Thickvein (Hsiung et al., 2005). Additionally,
in the development of Drosophila sense organs, cells expressing Delta, the membrane-
bound ligand for the receptor Notch, use filopodia to mediate long-range signaling (De
Joussineau et al., 2003). So far, there is no evidence for involvement of a direct-contact
mechanism, in transport of Wnt proteins.
In conclusion, the mechanism by which morphogens, namely Wnt molecules,
move through target tissues is a controversial issue. In particular, data on the cellular
mechanisms of Wnt propagation in vertebrate model systems is largely missing.
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Figure 1.4. Four models of morphogen propagation.
Movement of morphogen (red) from source cell (middle, purple) to outlying cells by (A)
diffusion, (B) serial transfer (transcytosis), (C) lipoprotein particle (argosomes) transfer, and (D)
directly (via cytonemes). From (Kornberg and Guha, 2007).
1.7 The Wnt signaling pathway
The gene int-1 was first identified in mouse as a proto-oncogene activated by the
integration of a mammary tumour virus (Nusse and Varmus, 1982). Some years later, the
Drosophila homologue of int-1, a segment polarity gene termed wingless (Wg) was
identified (Baker, 1987; Cabrera et al., 1987; Rijsewijk et al., 1987). It was then proposed
that int-1 and related genes should be called the Wnt (the Wg-type MMTV integration
site) gene family (Nusse et al., 1991). Since then, Wnt genes have been found in several
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organisms and their innumerous roles in development and disease mechanisms have been
the subject of intensive study (Logan and Nusse, 2004; Moon et al., 2004).
1.7.1 Wnt proteins
Wnt proteins form a family of signaling molecules, which are highly conserved
from invertebrates to vertebrates. Currently, 19 Wnt genes are known in human and
mouse, 16 in Xenopus, 11 in chick, 12 in zebrafish, seven in Drosophila and five in
C.elegans (The Wnt gene homepage, www.stanford.edu/~rnusse/wntwindow.html). No
crystal structure has been so far solved for Wnt proteins. Rather than by functional
properties, Wnts have been defined by their amino acid sequence. Shared features of all
Wnts include a conserved pattern of 22 to 24 cysteins suggesting that Wnts form multiple
intra-molecular disulfide bonds, several potential glycosylation sites and a N-terminal
signal sequence, which targets them to the secretion machinery (Miller, 2002; Mikels and
Nusse, 2006). Consistent with this, it has been shown that Wnts can act in a non-cell
autonomous manner in vertebrates and invertebrates (Strigini and Cohen, 2000; Kiecker
and Niehrs, 2001). Analysis of the signaling activities of chimeric Wnt proteins suggest
that the C-terminal region specifies the distinct cellular response to different Wnts (Du et
al., 1995). Moreover, C-terminal truncated Wnt proteins can function as dominant
negative constructs (Hoppler et al., 1996) indicating that the N-terminal region of Wnts
may interact with Wnt receptors but Wnts require the C-terminus to activate these
receptors (Miller, 2002).
1.7.2 Post-translational modifications
As mentioned before, Wnt proteins have several potential N-glycosylation sites.
Experiments using tunicamycin (an inhibitor of glycosylation) have shown that several
Wnts enter the endoplasmic reticulum (ER) and are glycosylated (Smolich et al., 1993).
However the role of glycosylation in Wnt secretion and function is not completely
understood (Miller, 2002). Similar to what has been reported for other proteins,
glycosylation might be involved in targeting Wnt proteins to the appropriate exocytic
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route (Tanaka et al., 2002) and it might also affect the extracellular spreading of Wnt
proteins (Vincent and Dubois, 2002; Eaton, 2006). Components of the extracellular
matrix, particularly heparan sulphate proteoglycans (HSPGs) — a class of glycoproteins
modified with the linear polysaccharide heparan sulphate — are implicated in the
trafficking of extracellular Wnt proteins. Whether HSPGs also operate in the release of
Wnt proteins from the surface of the producing cell is still unclear (Eaton, 2006). It is
conceivable that glycosylation mediates Wnt–HSPG interactions.
The purification of active Wnt proteins in combination with mass spectroscopy
analysis led to the demonstration that Wnt proteins are lipid modified by the attachment
of a palmitate moiety on the first conserved cysteine residue within the protein family
(Willert et al., 2003). The conserved cysteine occupies the position 77 (Cys77) in murine
Wnt3a and the corresponding residue was also shown to be palmitoylated in Drosophila
Wnt8 and Wg (Willert et al., 2003; Zhai et al., 2004). A second lipid modification was
recently reported by Takada and colleagues (Takada et al., 2006). An unsaturated fatty
acid (palmitoleic acid) is attached to another conserved residue, Ser209 in murine
Wnt3A. While Ser209 acylation is required for correct intracellular targeting and
secretion (Takada et al., 2006), Cys77 acylation seems to be required for the signaling
activity of the secreted protein (Willert et al., 2003). Mutating Ser209 to Ala resulted in
the retention of Wnt3A in the endoplasmic reticulum (ER), which indicated that this
modification is essential for the proper intracellular trafficking of Wnt proteins. By
contrast, palmitoylation of Cys77 does not seem to be crucial for this step as a Cys77Ala
mutant is still secreted but has little to no signaling activity (Willert et al., 2003). The
enzyme Porcupine, a membrane-bound O-acyltranferase, was suggested to catalyse the
adition of the acyl groups to both Cys77 and Ser209 (Zhai et al., 2004; Takada et al.,
2006). Although this is evident for the latter case, as disruption of Ser209 palmitoylation
has the same effect as the absence of Porcupine, that is, a complete block in Wnt
secretion (van den Heuvel et al., 1993; Takada et al., 2006), the role of Porcupine is not
so clear in the case of Cys77.
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1.7.3 Canonical Wnt/β-Catenin pathway
Wnt proteins operate through three distinct mechanisms referred to as the
canonical pathway, the planar cell polarity (PCP) pathway and the Wnt/Calcium
pathway. The canonical Wnt/β-Catenin pathway has been intensively studied over the
last 20 years (Moon et al., 2004). The crucial event in canonical Wnt signaling is the
cytoplasmic accumulation of β-Catenin and its subsequent nuclear tanslocation and
activity (Gordon and Nusse, 2006). In the absence of Wnt signal, β-Catenin is recruited
into a multi-protein destruction complex that includes adenomatous polyposis coli (APC)
and Axin. These promote phosphorylation of β-Catenin by casein kinase 1 (CK1) and
glycogen synthase kinase 3 (GSK3), targeting β-Catenin for ubiquitylation and
degradation by the proteosome. Upon activation of Wnt signaling, this destruction
complex is inhibited, which leads to the accumulation of intracellular β-Catenin.
Cytoplasmic β-Catenin molecules then enter the nucleus and activate TCF (T-cell-factor)
as well as LEF (lymphoid enhancer binding protein family) transcription factors, which
promote the expression of Wnt target genes. At least seventy-five genes are activated
through the canonical Wnt/β-Catenin pathway (Widelitz, 2005). Consequently, canonical
Wnt signaling can regulate a wide variety of processes such as cell cycle progression, cell
survival and cell fate determination. For example, in Xenopus embryos over-expression
of canonical Wnts (Wnt-1, -2a, -3a, -7b, -8a, 8b) leads to the formation of a second
embryonic axis, indicating that canonical Wnts play a role in tissue specification
(McMahon and Moon, 1989; Sokol et al., 1991; Christian and Moon, 1993; Wolda et al.,
1993; Cui et al., 1995). In adult cells, abnormal activation of canonical Wnt/β-Catenin
signaling can lead to cancer formation. Consistently, the formation of cancer is often
associated with mutations in downstream regulators of canonical Wnt pathway including
APC, Axin or β-Catenin. These mutations cause an increase of intracellular β-Catenin
followed by the activation of target gene expression, which might lead to abnormal
proliferation of these cells (Fearon and Vogelstein, 1990; Rubinfeld et al., 1997).
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1.7.4 Wnt receptors
Genetic and biochemical data have demonstrated that Frizzleds (Fz) are primary
receptors for Wnt signals [(Bhanot et al., 1996), reviewed in (Huang and Klein, 2004)].
In cultured cells normally unresponsive to Wg, overexpression of Fz2 leads to binding of
Wg to the cell surface and activated canonical Wnt signalling (Bhanot et al., 1996). There
are at least ten different Frizzleds in vertebrates, four in Drosophila and three in
C.elegans (The Wnt gene homepage, http://www.stanford.edu/~rnusse/wntwindow.html).
Frizzleds belong to the super-family of G-protein coupled receptors (GPCR). Conserved
structural features are shared by all Fz proteins such as the seven hydrophobic
transmembrane domains and a cystein rich domain (CRD) at their N-terminus.
Several studies indicate that the CRD is necessary and sufficient for the binding
of Fz to Wnt proteins (Bhanot et al., 1996; Rulifson et al., 2000; Dann et al., 2001; Wu
and Nusse, 2002; Hsieh et al., 2003). The expression of the CRD alone or secreted
Frizzled-related proteins (sFRP), which only contain the extracellular part of Fz proteins
including the CRD, antagonize Wnt signaling [(Deardorff et al., 1998) reviewed in
(Huang and Klein, 2004)].
The interaction of Fz proteins with their co-receptors, low-density lipoprotein-
related protein 5 (LRP5) and LRP6 (Drosophila Arrow) is also required for signalling
through the canonical pathway (Pinson et al., 2000; Tamai et al., 2000; Wehrli et al.,
2000).
1.8 Wnt8 in vertebrate brain patterning
Zygotic Wnt/β-catenin signaling regulates patterning of the neuroectoderm
during gastrulation (Kiecker and Niehrs, 2001; Nordstrom et al., 2002) and Wnt8, in
particular, has been shown to act as a posteriorizing factor during this process (Erter et
al., 2001; Lekven et al., 2001). As already mentioned before, early signals in the
unsegmented neural plate lead to the formation of major subdivisions: forebrain,
midbrain and hindbrain. In a later phase, local signaling centres or organizers refine the
pattern through the control of neighbouring cells fate and contribute to maintain regional
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identity in the neural tube (Kiecker and Lumsden, 2005; Rhinn et al., 2006). One of the
best-characterized local signaling centres is the midbrain-hindbrain boundary (MHB)
organizer [reviewed in (Rhinn and Brand, 2001; Raible and Brand, 2004)]. The MHB
organizer induces and maintains positional cell identities in the mid- and hindbrain and it
must be positioned at a very precise location within the neural plate. In several
vertebrates, including zebrafish, the position of the future MHB in the neuroectoderm is
marked by the interface between cells expressing the Otx (vertebrate homologue of
drosophila orthodenticle) and Gbx (gastrulation brain homeobox, homologue of
Drosophila unplugged) transcription factors (Wassarman et al., 1997; Broccoli et al.,
1999; Millet et al., 1999; Rhinn et al., 2003). In zebrafish, otx2 is expressed in the
prospective fore- and midbrain and gbx1 in the future hindbrain. Wnt8, which is
expressed in the blastoderm margin, is directly required for the onset of gbx1 expression
and for the establishment of the posterior border of the otx2 expression domain in a non-
cell autonomous manner (Rhinn et al., 2005). In our working model positioning of the
MHB organizer occurs in response to a Wnt8 concentration threshold but it is unclear
how this molecule propagates from its source, the blastoderm margin, to the receiving
tissue in the prospective neuroectoderm.
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1.9 Aims of this work
As mentioned above, Wnt8 is a key signaling molecule which acts as a
posteriorising factor during patterning of the neurectoderm, an essential step in early
brain development.
The central aim of my thesis work was to study the cellular mechanisms
involved in Wnt8 propagation and how do they correlate with Wnt8 signaling activity in
the neurectoderm. In pursue of this goal, I investigated the sub-cellular localization of
Wnt8 protein in the zebrafish embryo. Additionally, I tried to understand the role of some
particular factors, such as post-translational modifications and receptor interactions, in
regulating Wnt8 propagation and activity. The following specific questions were
addressed:
• Is zebrafish Wnt8 secreted?
• What is the sub-cellular localization of Wnt8 in producing and receiving
cells?
• How does palmitoylation affect Wnt8 localization and signaling range?
• How does receptor interaction affect Wnt8 localization and signaling range?
• Is Wnt8 distributed in a gradient in the neurectoderm?
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2 RESULTS
2.1 Wnt8 forms punctate structures that are
associated with filopodia
Genetic studies suggested that during patterning of the neurectoderm, Wnt8 acts
directly as an MHB positioning signal while being produced several cell diameters away
at the blastoderm margin (Rhinn et al., 2005). However, the underlying mechanism of
Wnt8 protein propagation is not known. In order to allow visualisation of the Wnt8
protein in live embryos, Wnt8 was tagged at the C-terminus with a fast-maturing Yellow
Fluorescent Protein variant, Venus (Wnt8-Venus). We analyzed the release and
distribution of the Wnt8 fusion protein in and around clones of Wnt8-Venus expressing
cells at the animal pole of wild-type embryos, between the 60% and 90% epiboly stage
using in vivo confocal imaging. To visualise the cell membranes of host embryos, these
were injected with an mRNA encoding a membrane binding Red Fluorescent Protein
(memRFP). We found that Wnt8-Venus formed punctae up to 3 cell diameters away from
cells in these clones, which indicates that Wnt8 was indeed released from the producing
cells. The majority of these punctae were localized in the plasma membrane of receiving
cells (Figure 2.1A-C). Similar results were obtained with a Wnt8-GFP fusion protein
(Rhinn et al., 2005).
In Drosophila, Wg was suggested to propagate in lipoprotein-like particles,
named argosomes, which are rich in GPI-anchored proteins (Greco et al., 2001). To test
whether Wnt8-Venus associates with argosome-like GPI-rich particles, we co-expressed
Wnt8-Venus together with a GPI-linked Red Fluorescent Protein (RFP-GPI) in clones.
The majority of Wnt8-Venus did not colocalise with RFP-GPI (Figure 2.1D-F). Using the
same assay, we noticed that part of the Wnt8-Venus punctae showed an association with
filopodia - membrane projections from the producing cells (Figure 2.1D-F, arrow).
Quantifications showed that approximately 25% of the punctae colocalised with filopodia
while the remaining 75% did not (N=9 embryos).
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Figure 2.1. Wnt8-Venus colocalises with membrane structures in the live embryo.
Confocal in vivo imaging of Wnt8 subcellular localisation. (A-C) Wnt8-Venus expressing cells
labeled with rhodamine dextran transplanted into a host embryo expressing membrane-bound
RFP (memRFP). (A) Wnt8-Venus in producing cells and punctate structures (arrowheads). (B)
Rhodamine dextran-positive transplanted cells and memRFP-postive cell membranes of the host
embryo. (C) Wnt8-Venus punctae colocalise with the plasma membrane of surrounding host cells
(arrowheads). (D-F) Mosaic coexpression of Wnt8-Venus and RFP-GPI (labelling plasma
membrane protusions). Most Wnt8-Venus punctae do not colocalise with RFP-GPI (arrowheads),
some colocalise with filopodia (arrow) and with RFP-GPI vesicles (black arrowhead).  (A,D)
Green channel, (B,E) red channel, (C,F) overlay. Scale bars: 20 µm, 10 µm in inset.
To examine a potential relationship between the free and filopodia-bound Wnt8,
we analysed the dynamic behaviour of Wnt8 punctae in live embryos by time-lapse
confocal microscopy. By following individual cells which coexpressed Wnt8-Venus and
the membrane label RFP-GPI we found that Wnt8-Venus punctae were released from the
filopodia of the producing cells. An example series of images depicts how a Wnt8 puncta,
initially associated with the filopodial tip, is released as the filopodium retracts towards
the cell body (Figure 2.2). Importantly, released Wnt8-Venus does not colocalise with
RFP-GPI, indicating no association with membranous structures of the releasing cell.
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Altogether, this suggests that Wnt8-Venus is likely to propagate via release from
filopodial cellular processes, but probably not through argosomal particles (Figure 2.2).
Figure 2.2. Wnt8 is released via filopodial processes.
(A-D) Single frames of a confocal time-lapse series on live embryos with mosaic coexpression of
Wnt8-Venus (green) and RFP-GPI (red). In an expressing cell, a Wnt8 puncta (arrowhead) that is
initially associated with a filopodium (A) is released upon retraction of the process (B-D).
Released Wnt8-Venus does not colocalise with RFP-GPI. Relative times are indicated. Scale bar:
5 µm.
To analyse the sub-cellular localization of Wnt8 in more detail, we performed
immunoelectron microscopy (EM) on Wnt8-GFP injected embryos. Wnt8-GFP was then
detected by the use of a GFP primary antibody and gold-conjugated secondary on
ultrathin sections. Importantly, the specimen preparation procedure allowed us preserve a
relatively good ultrastructure, which even enabled us to visualize, in our samples,
filopodia, that contained actin filaments (black arrowheads in Figure 2.3A,B). Gold
particles were detected in the proximity of the filopodia tip (Figure 2.3B). We also
observed gold particles at the plasma membrane (Figure 2.3C). Additionally, gold
particles were observed extracellularly, where, importantly, they did not associate with
any vesicular structures (Figure 2.3D). Furthermore, we could also detect gold particles
inside cells in multivesicular structures (Figure 2.3E,F). These results confirm the
presence of two distinct pools of Wnt8, a membrane-associated and a released pool.
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Figure 2.3. Immuno EM of Wnt8-GFP expressing embryos.
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Figure 2.3. Immuno EM of Wnt8-GFP expressing embryos.
 (A-F) Embryos injected with Wnt8-GFP were processed for immuno electron microscopy and
labeled with a primary antibody against GFP and 10nm-gold-conjugated secondary antibody. (A)
A projection containing actin filaments (black arrowheads) between two cells. (B) Gold particles
(white arrowheads) detected in the proximity of projection tip, which corresponds to the area
indicated by the square in A. (C) Gold particles (white arrowheads) were detected at the plasma
membrane and (D) extracellularly, where they did not colocalise with any vesicular structures.
(E) Inside cells gold particles were present in multivesicular structures. (F) Detail of gold
particles (white arrowheads) in a multivesicular structure, corresponding to the area indicated by
a square in E. Scale bars: 500 nm, 200nm in F.
2.2 Palmitoylation is required for Wnt8 function
To validate the biological activity of Wnt8-Venus we expressed it globally in
embryos and in clones. At around 24 hours post fertilization (hpf), embryos injected with
Wnt8-Venus mRNA showed a strong posteriorisation of the brain compared to wild-type
embryos, resulting in a lack of forebrain structures, including the eye (Figure 2.4A,B).
When transplanted into a wild-type embryo, Wnt8-Venus expressing cells were able to
repress otx2 at a distance around the clone (Figure 2.4D-F). This is consistent with our
previous findings on the activity of Wnt8 in AP neural patterning (Rhinn et al., 2005).
Compared to non-tagged wnt8, we did not detect any differences in biological activity
(data not shown).
Several Wnt proteins have been shown to be post-translationally palmitoylated
on a conserved cysteine residue in the N-terminal region. To test the role of post-
translational palmitoylation in Wnt8 function and distribution, we produced a non-
palmitoylated variant of zebrafish Wnt8. First, we identified the conserved cysteine
residue in zebrafish Wnt8 by sequence comparison to other Wnt proteins and then
mutated it to a tyrosine (Y) in the new fusion protein Wnt8-VenusC55Y (palmitoylation-
defective Wnt8).
In contrast to Wnt8-Venus, overall expression of Wnt8-VenusC55Y, did not
induce any visible defects at 24hpf (Figure 2.4C, compare to B). Transplanted Wnt8-
VenusC55Y expressing cells failed to repress otx2 (Fig 2.4J-L). These results indicate
that palmitoylation of Cysteine 55 is required for Wnt8 function.
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Figure 2.4. Non-palmitoylated Wnt8 lacks neural plate patterning activity.
(A-C) Phenotype of 24hpf embryos after overexpression of Wnt8-Venus (B) or non-
palmitoylated Wnt8-VenusC55Y (C) compared to non-injected control (A). Overexpression of
Wnt8-Venus leads to posteriorisation of the brain resulting in a lack of forebrain structures,
including the eye (B). Overexpression of Wnt8-VenusC55Y does not induce any visible defects at
24hpf (C). (D-F). Wnt8-Venus expressing cells (brown) transplanted into a wild-type embryo at
shield stage are able to repress otx2 (blue) in the surrounding neural plate at 80% epiboly stage.
(G-I) Wnt8-VenusC55Y expressing cells fail to repress otx2. Whole embryo (D,G); flat-mount
view of otx2 domain (E,H) and close-up of the transplanted cells (F,I). Orientation is anterior to
the right (A-C) or to the top (D,G).
2.3 Palmitoylation is necessary for Wnt8 release
from filopodia
To assess whether the impaired activity of Wnt8-VenusC55Y correlates with
altered dynamic distribution in the embryo, we analysed Wnt8-VenusC55Y expressing
Results
37
clones by confocal in vivo analysis. Wnt8-VenusC55Y was also found in punctae which
were observed at a distance from expressing cells and that colocalised with cell
boundaries, indicating release from the producing cells (Figure 2.5A-C). Co-expression
of Wnt8-VenusC55Y and RFP-GPI in clones showed that the non-palmitoylated protein
was associated with filopodia (Figure 2.5D-F). However, the number of released Wnt8
punctae was severely decreased (Figure 2.5D-F, compare to Figure 2.1D-F).
Quantifications indicated that for Wnt8-VenusC55Y there is a significant reduction in the
total number of punctae. Interestingly, while the number of released punctae is
significantly reduced, the number of punctae associated with filopodia is unchanged
(Figure 2.5G, N=9 embryos for Wn8-Venus, N=11 embryos for Wn8-VenusC55Y, error
bars represent standard deviation). Thus, palmitoylation appears to be dispensable to
target Wnt8 to filopodia but rather for the release of the protein from the producing cells.
We also observed that Wnt8 punctae had different locations within filopodia (Figure
2.5H). Comparison of the number of puncta in these distinct locations shows that in both
cases, the bigger fraction is located at the tips. The percentage of Wnt8-VenusC55Y
punctae in the middle of filopodia is increased when compared to Wnt8-Venus punctae,
whereas the percentage of the remaining (tip and base) fractions is decreased (Figure
2.5I). This indicates that the normal targeting of Wnt8 to filopodial tips is impaired in the
absence of palmitoylation, thus resulting in less release. Additionally, it indicates that it
Wnt8-VenusC55Y can be used as a tool to test the function of released versus filopodia-
bound Wnt8.
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Figure 2.5. Wnt8 palmitoylation changes punctae distribution.
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Figure 2.5. Wnt8 palmitoylation changes punctae distribution.
(A-C) Wnt8-VenusC55Y expressing cells labeled with rhodamine dextran transplanted into a host
embryo expressing mem-RFP. (A) Wnt8-VenusC55Y in the expressing cells produce less
punctate structures (compare to Figure1A-C) which nevertheless colocalise with the plasma
membrane of receiving cells (arrowheads). (D-F) Mosaic coexpression of Wnt8-VenusC55Y and
RFP-GPI. The majority of Wnt8-VenusC55Y punctae colocalise with filopodia of producing cells
(arrow). Only few Wnt8-VenusC55Y punctae do not colocalise with RFP-GPI (arrowheads). (G)
Number of total, filopodia-associated and released punctae per cell for Wnt8-Venus and Wnt8-
VenusC55Y (N=9 embryos for Wn8-Venus, N=11 embryos for Wn8-VenusC55Y, error bars
represent standard deviation, *p<0.05, **p<0.005, n.s. not significant). (H) Wnt8 punctae
(yellow) are found at different locations within filopodia of RFP-GPI labelled  (blue) producing
cells (arrowheads). (J) Comparison of Wnt8-Venus and Wnt8-VenusC55Y punctae in distinct
locations (tip, middle and base) within filopodia. (A,D) Green channel, (B,E) red channel, (C,F)
overlay. Scale bars: 20 µm.
2.4 β-catenin protein has graded expression in
zebrafish embryos
Upon canonical Wnt signaling, β-catenin accumulates and translocates to the
nucleus to activate target genes. In zebrafish, Momoi and colleagues (Momoi et al., 2003)
observed nuclear localization of β-catenin restricted to wnt8-expressing cells in the
blastoderm margin at 70% of epiboly stage and they argued against a possible Wnt
gradient in the neural plate. However, studies in Xenopus and chicken suggest that a
Wnt/β-catenin signaling gradient may be responsible for AP patterning in the
neuroectoerm (Kiecker and Niehrs, 2001; Nordstrom et al., 2002).
Therefore we analysed the expression of β-catenin protein by wholemount
antibody staining. In wild-type embryos, between shield and 60% epiboly stage
(schematized in Figure 2.6A), we detected a graded β-catenin staining which decreased in
intensity from the margin to the animal pole (Fig 2.6B). Taking a closer look at the
blastoderm margin region, we observed that β-catenin was localized to cell nuclei and the
intensity of nuclear staining decreased towards the animal pole (Fig 2.6C).  At the animal
pole, β-catenin staining was restricted to the cell membrane (Fig 2.6D). These results
show that before 70% epiboly a graded β-catenin activity, possibly mediated by wnt8, is
present with a high point at the blastoderm margin.
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Figure 2.6. β-catenin protein gradient in wild-type embryos
Single confocal sections of shield stage embryos stained with an antibody against β-catenin. (A)
Schematic drawing of a shield stage embryo where a, b and c indicate the regions depicted in A,
B and C, respectively. (B) β-catenin staining intensity decreases from the margin towards the
animal pole. (C) Nuclear β-catenin staining at the margin, showing decreasing intensity from the
margin towards the animal pole. (D) β-catenin staining at the animal pole is restricted to the
membrane. Scale bars: 50 µm.
2.5 Wnt8 induces β-catenin nuclear translocation
cell non-autonomously
To determine whether Wnt8-Venus can induce a β-catenin response we
transplanted cells from embryos co-injected with Wnt8-Venus and a lineage tracer into
the animal pole of wild-type embryos, where wnt8 is not expressed. Wholemount
imunohistochemistry was then performed with an anti-β-catenin antibody. As mentioned
above, β-catenin staining is restricted to the cell membrane in the animal pole in wild-
type embryos (Figure 2.7A-C). In transplanted embryos fixed 15 minutes after
transplantation we could not detect any nuclear β-catenin (Figure 2.7D-F). However, a
strong nuclear β-catenin staining was observed in the host tissue of embryos fixed one
hour after transplantation (Figure 2.7G-I). Surprisingly, in embryos injected Wnt8-Venus
mRNA at one cell stage nuclear β-catenin staining seemed to be absent or very faint
(Figure 2.7J-L). These results indicate that Wnt8-Venus can induce a β-catenin response
non-cell autonomously in the living embryo and this process is tightly time-regulated.
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Figure 2.7. Time dependent β-catenin response to Wnt8
Single confocal sections at the animal pole of shield stage embryos stained with an antibody
against β-catenin. (A-C) β-catenin staining is restricted to the membrane in a wild-type embryo.
(D-I) Cells derived from embryos injected with a lineage tracer (red) and wnt8-venus mRNA
(400 pg) transplanted into wild-type host embryos. In embryos fixed 15 minutes after
transplantation nuclear β-catenin is not detected around the transplanted cells (D-E). In embryos
fixed 1 hour after transplantation strong nuclear β-catenin is detected around transplanted cells
(G-I). Embryos injected with a lineage tracer (red) and wnt8-venus RNA (400 pg) at the one-cell
stage have no nuclear β-catenin (J-L). (A,D)  Red channel, (B,E) green channel, (C,F) overlay.
Scale bars: 50 µm.
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2.6 Non-palmitoylated Wnt8 fails to induce long-
range β-catenin activation
To compare the signaling range of wild-type and the palmitoylation-defective
Wnt8, we transplanted cells into the animal pole and used the β-catenin response as a
read-out. Therefore, Wnt8-Venus overexpressing cells were transplanted cells into this
region, the embryos were fixed one hour after transplantation and wholemount
imunohistochemistry was performed with an anti-β-catenin antibody (red) and an anti-
GFP antibody (green). In a maximum projection of 20 z-sections, it could be observed
that Wnt8-Venus was distributed widely around the clone of expressing cells (Figure
2.8A) compared to the limited distribution of Wnt8-VenusC55Y (Figure 2.8B). Around
clones of Wnt8-Venus, in embryos fixed one hour after transplantation, we found a
strong accumulation of nuclear β-catenin (Figure 2.8E,G). In contrast, clones expressing
palmitoylation-defective Wnt8-Venus induced nuclear translocation of β-catenin only in
cells directly adjacent to the clone (Figure 2.8F,H). We quantified these differences by
determining the radius of the area of the clone and that of the area where nuclear β-
catenin is observed. The difference between the two radius (∆r) gives a measure of the
linear range of nuclear β-catenin induction in the host tissue (schematized in Figure 2.8J).
As plotted in Figure 2.8I, Wnt8-Venus can, on average, induce β-catenin nuclear
translocation at a distance of approximately 80µm, corresponding to 4 cell diameters; in
contrast, translocation of nuclear β-catenin is induced by Wnt8-VenusC55Y only at
distance of 20µm, corresponding to one cell diameter (N=7 embryos for each case, error
bars represent standard deviation). This suggests that palmitoylation is required for long-
range signaling of Wnt8.
Results
43
Figure 2.8. Wnt8 palmitoylation is required for long-range activation of β-catenin.
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Figure 2.8. Wnt8 palmitoylation is required for long-range activation of β-catenin.
(A-H) Clones of Wnt8-Venus or Wnt8-VenusC55Y expressing cells transplanted into the animal
pole of a wild-type embryo, fixed one hour after transplantation and stained with anti-GFP
(green) and anti β-catenin (red) antibodies. Maximum projection of 20 z-sections showing wide
Wnt8-Venus distribution away from expressing cells (A) compared to the limited distribution of
Wnt8-VenusC55Y (B). (C-H) Single confocal sections showing Wnt8-Venus is efficiently
released from the clone (C) and induces a wide-range nuclear translocation of β-catenin (E,G)
whereas Wnt8-VenusC55Y is less efficiently released (D) and induces nuclear translocation of β-
catenin (F,H) only in the clone and in host cells directly adjacent to it. (I) Range of induced
nuclear β-catenin translocation in the host tissue by Wnt8-Venus and Wnt8-VenusC55Y (N=7
embryos for each case, error bars represent standard deviation, **p<0.005). ∆r corresponds to the
distance of induced nuclear β-catenin translocation outside of the clone as schematized in J. (A-
D) Green channel, (E,F) red channel, (G,H) overlay. Scale bars: 50 µm.
2.7 Wnt8 receptors: Frizzleds expression pattern
In Drosophila, a number of studies have implicated the Frizzled (Fz) and DFz2
transmembrane receptors in modulating the slope of the Wg gradient (Cadigan et al.,
1998; Baeg et al., 2004; Han et al., 2005). Zebrafish frizzled-8c (fz8c) and frizzled-9 (fz9)
have been suggested to be receptors for Wnt8 (Momoi et al., 2003). To amplify full-
length frizzled8c and frizzled9 from cDNA, primers were designed based on the
published sequences (Momoi et al., 2003). As a first step, the expression of both
receptors was analysed by wholemount in situ hybridization.
In contrast to what has been previously described, we could not detect frizzled8c
transcripts during early development, between sphere and 80% epiboly stage (Figure 2.9
A-C,E-G). At tailbud stage, fz8c is detected in a domain that corresponds to the
presumptive forebrain (Figure 2.9 D,H). In the brain of 1 dpf embryos, fz8c expression is
subdivided in two distinct domains: one in the anterior forebrain and the second in the
eye (Figure 2.9 I-L). Additionally, fz8c is expressed in endodermal tissue (Figure 2.9
J,M).
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Figure 2.9.Whole-mount in situ hybridization analysis of fz8c expression.
(A-C,E-G) fz8c expression is not detected in sphere, shield or 80% epiboly stage embryos. (D,H)
Expression of fz8c is detected in the presumptive forebrain at tailbud stage. (I) At 1 dpf,
expression continues in the forebrain but is now also observed in the developing eye, better seen
in J. (K) Expression in the anterior forebrain, where the eye was dissected out (shown in L). (M)
Section trough the trunk at the level of the yolk extension (A-D) animal pole view, dorsal is to the
bottom; (E-H) lateral view, dorsal is to the right, animal pole to the top; (I,K) lateral view,
anterior is to the left; (J) flat mount view, anterior is the to the left.
Contrary to fz8c, fz9 trancripts are detected already early during gastrulation. At
shield stage fz9 is expressed in a stripe around the marginal blastoderm, but absent from
the embryonic shield (Figure 2.10 A-C). At 60% and 80% epiboly stage, fz9 is expressed
in the neural plate (Figure 2.10 D-F, G-I). At tailbud stage expression of fz9 in the neural
plate is subdivided into two distinct domain separated by a gap (Figure 2.10 J,K). At 1
dpf, expression is detected in distinct domains in the forebrain, midbrain, hindbrain and
spinal cord (Figure 2.10 L-N).
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These results indicate that fz9, but not fz8c, is expressed in a suitable spatial and
temporal pattern to be mediating Wnt8 signaling from the blastoderm margin.
Figure 2.10. Whole-mount in situ hybridization analysis of fz9 expression.
(A-C) At shield stage fz9 is expressed in a stripe around the marginal blastoderm, but absent from
the embryonic shield. (D-F) In 60% epiboly stage embryos, fz9 is expressed in the neural plate.
(G-I) In 80% epiboly stage embryos, fz9 is expressed in the neural plate. (J,K) At tailbud stage
expression of fz9 in the neural plate is subdivided into two distinct domain separated by a gap.
(L) Section trough the trunk at the level of the yolk extension showing expression in the dorsal
neural tube at 1 dpf. (M) At 1 dpf, expression is detected in distinct domains in the forebrain,
midbrain, hinbrain and spinal cord. (N) Expression in the brain. (A,D,G,J) dorsal view, animal
pole to the top; (B,E,H,K) lateral view, dorsal is to the right, animal pole to the top; (C,F,I)
animal pole view, dorsal downwards; (M) lateral view, anterior is to the left; (J) flat mount view,
anterior is the to the left.
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2.8 Fz9 gain-of-function decreases Wnt8 signaling
range
To determine whether fz9 could affect wnt8 signaling range, we initially injected
Fz9-RFP mRNA in one-cell stage embryos, allowed them to develop until 80% epiboly
stage and processed them for in situ hybridization with a probe for otx2, a wnt8 target
gene. We observed that injection of 100pg of Fz9-RFP lead to a posterior shift of the otx2
expression domain (Figure 2.11B), when compared to a wild-type embryo (Figure
2.11A). This was accentuated with increasing doses of Fz9-RFP (Figure 2.11). Since otx2
is normally repressed by Wnt8, this result suggests that in presence of excess of receptor,
Wnt8 signaling range from the margin is decreased. The same results were obtained with
overexpression a non-tagged fz9 mRNA.
Figure 2.11 Fz9 gain-of-function leads to a posterior shift of the otx2 domain.
Analysis of otx2 expression in embryos overexpressing fz9. (A,E) otx2 expression in wt embryos.
(B-D,F-H) In embryos injected with fz9-mRFP mRNA, the posterior otx2 border is shifted
towards the blastoderm margin (compare red bars). A slight shift is observed in embryos injected
with 100pg of fz9-mRFP (B) and it widens with increasing amounts of fz9-mRFP mRNA, as seen
with 200pg (C) and 400pg (D). The anterior otx2 border is shifted posteriorly in embryos injected
with fz9-mRFP mRNA (arrowheads, F-H). (A-D) dorsal view, animal pole to the top; (E-H)
lateral view, dorsal is to the right, animal pole to the top.
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To understand whether the effect of fz9 is due to its overexpression in producing
cells or in the receiving tissue, we performed transplantation of Wnt8-Venus expressing
cells co-labeled with a lineage tracer into either wild-type embryos or embryos
overexpressing Fz9-RFP. A clone of Wnt8-Venus expressing cells is able to repress otx2
at a distance of several cell-diameters away when transplanted into a wild-type embryos
(Figure 2.12A-C). However, when those cells are transplanted into an embryo
overexpressing Fz9-RFP, the otx2 repression is only observed in host cells in close
proximity to the clone (Figure 2.12D-F). These data indicate that the effect of fz9
overexpression in reducing Wnt8 signaling occurs in the receiving tissue rather than in
the wnt8 producing cells.
Figure 2.12 Fz9 overexpression reduces Wnt8 signaling range.
(A-F) Embryos containing cells derived from embryos injected with a lineage tracer (brown) and
wnt8-venus RNA (400 pg) stained for otx2 expression. Repression of otx2 is seen several cell
diameters away from cells transplanted into a wt host embryo (A-C). Decreased range of otx2
repression from cells transplanted into an embryo injected with fz9-mRP mRNA (D-F). Whole
embryo (A,D); flat-mount view of otx2 domain (B,E) and close-up of the transplanted cells (C,D).
Results
49
2.9 Non-palmitoylated Wnt8 interaction with the
receptor is impaired
When Fz9-RFP was expressed in embryos, we observed that Fz9-RFP was
normally distributed uniformly at the cell membranes. To determine if Wnt8 changes Fz9
sub-cellular distribution, we expressed Wnt8-Venus in a mosaic fashion in host embryos
that expressed Fz9-RFP. We observed the formation of Wnt8 and Fz9 clusters on the
membrane in the host cells (Figure 2.13A-C, arrowheads). The same experiment was
performed using non-palmitoylated Wnt8. In this case, no clusters of Wnt8-VenusC55Y
formed with Fz9 (Figure 2.13D-E). These results indicated that Wnt8 and Fz9 can
interact and modulate each other sub-cellular localization and suggested that the non-
palmitoylated protein could not interact with the receptor.
Figure 2.13 Non-palmitoylated Wnt8 interaction with the receptor is impaired
Single confocal section showing a mosaic expression of Wnt8-Venus (A-C) or Wnt8-VenusC55Y
(D-E) in embryos injected with Fz9-mRFP mRNA. Co-expression of Wnt8-Venus and Fz9-
mRFP induces the formation of membrane clusters which contain both proteins (arrowheads in
A-C). Cluster formation is not observed after co-expression of Wnt8-VenusC55Y with Fz9-
mRFP (D-E). (A,D) Green channel, (B,E) red channel, (C,F) overlay.
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2.10 Endogenous Wnt8 localization
Being aware that the thus far described experiments used overexpression
systems, we also wanted to be able to detect endogenous Wnt8 protein. Commercial
antibodies available against mouse Wnt8a protein and polyclonal antibodies against Wnt-
8 synthetic peptides generated by us did not yield any specific signal either in western
blots or immunostaining (data not shown).
2.10.1  Generation of a Wnt8 transgenic line
In order to still look at endogenous Wnt8 levels, we decided to create a fish
transgenic line, where a Wnt8-GFP fusion protein is expressed under the control of the
Wnt8 promoter. With this approach, a Wnt8-GFP fusion protein should be expressed in
the Wnt8 endogenous domain. To achieve this goal, we first identified, through a blast
search, a BAC clone containing the wnt8 locus. We used in vitro homologous
recombination [Red/ET-cloning, (Zhang et al., 1998; Muyrers et al., 1999)] to subclone a
20kb region of the promoter and wnt8 ORF1 (wnt8.1) into a vector containing GFP (-
20kb:wnt8-gfp) (Figure 2.14).
The linearized DNA plasmid was used for zygotic injection. In transient
expression assays, we observed restricted GFP expression (data not shown). These fish
(F0) were raised and mated to determine germline integration of the transgene. We
screened the offspring of these fish for GFP expression and for the presence of wnt8-gfp
by PCR of genomic DNA (Figure 2.15). From the offspring of 216 fish, we could identify
one positive F1 clutch, which was raised to adulthood. F1 transgenic fish were identified
by PCR of finclips and intercrossed to generate F2 fish. These were then analysed in
more detail (see following section).
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Figure 2.14 Flowchart of the experimental outline for subcloning wnt8 from a BAC into a
plasmid (-20kb:wnt8-GFP)
In the first step oligos were designed containing stretches homologous (hm) to the fragment of the
BAC which is to be subcloned. At their 3’ ends, these oligos also contained primer sequences for
amplification of the vector containing an origin of replication, the ampicilin resistance gene and
Enhanced Green Fluorescent Protein (EGFP). Using these oligos a linear vector with flanking
homology arms was constructed in a PCR reaction. The E. coli strain carrying the BAC, which is
to be modified, was transformed with the expression plasmid pRedET. The expression of genes
mediating Red/ET is induced by the addition of L-arabinose. In the second step, the linear vector
(PCR product with the added homology arms) was electroporated into the cells. Recombination
took place and the clones carrying the subcloned fragment were identified by selection for
Ampicillin resistance. The restriction enzyme AatII was used to linearize the –20kb:wnt8-GFP
plasmid before zygotic injection.
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Figure 2.15 Generation and identification of Tg(-20kb:wnt8-GFP) zebrafish
Strategy for generation of Tg(-20kb:wnt8-GFP) and identification of stable transgene integration
by PCR. Primers (p) used for the PCR reaction were designed against the a region in the last
intron of wnt8.1 (p1) and in egfp coding sequence (p2). PCR was performed on genomic DNA
from F1 pools and analysed by agarose gel electrophoresis. The specificity of the primers can be
seen as no bands appeared on negative clutches (1-7,9) and a single band of 850bp was detected
in a postive clutch (8) as well in the control (c), containing 1ng of the –20kb:wnt8-GFP plasmid
mixed with genomic DNA from wild-type fish.
2.10.2 Characterization of the Wnt8 transgenic fish
Wnt8 transcripts are found in the blastoderm margin during gastrulation stages
while later, the expression becomes restricted to the tailbud region (Kelly et al., 1995;
Lekven et al., 2001; Momoi et al., 2003). To determine if this expression pattern is
recapitulated by the Tg(-20kb:wnt8-GFP) F2 fish we analysed the GFP expression in
living embryos by fluorescence microscopy and compared it to the wnt8 expression
pattern detected by in situ hybridization in wild-type embryos (Figure 2.16).
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Figure 2.16 Endogenous Wnt8 expression in Tg(-20kb:wnt8-GFP) live embryos
(A) Wnt8 mRNA expression is observed at the blastoderm margin in wild-type embryos at 90%
epiboly stage; dashed line delimits the margin. (B) Punctate expression of Wnt8-GFP in embryos
at 90% epiboly stage; dashed line delimits the margin. (C) At 15 somite stage, Wnt8 expression is
observed in the tail region (arrowhead). (D) At 17 somite stage, a group of Wnt8-GFP expressing
cells is also observed in the tail region (arrowhead). Note that the yolk is extremely
autofluorescent. (E) In 1dpf embryos, the Wnt8 expression domain remains restricted to the tail
(arrowhead).  (F) In 1dpf embryos, the expression domain of Wnt8-GFP at the tail is clearly
visible (arrowhead). (A-B) vegetal pole view; (C-F) lateral view, anterior is to the left. B is a
maximum projection of a confocal stack; D,F are wholemout views, showing overlays of the
green channel and brightfield captures.
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In live Tg(-20kb:wnt8-GFP) embryos, we could not detect GFP expression at
60% epiboly stage (data not shown). However, in embryos at 90% epiboly stage, GFP
fluorescence was detected in a punctate pattern in the blastoderm margin region (Figure
2.16B). At the same stage, wnt8 transcripts were also found in the blastoderm margin in
wild-type embryos (Figure 2.16A). During somitogenesis, wnt8 transcripts were present
in the tail region in wild-type embryos (Figure 2.16C). Similarly, in Tg(-20kb:wnt8-GFP)
embryos, GFP expression became restricted to a group of cells located in the tail region
(Figure 2.16D). In 1dpf Tg(-20kb:wnt8-GFP) embryos embryos, the GFP expression
domain at the tail was clearly visible (Figure 2.16F) and similar to the wnt8 expression
domain in wild-type embryos of the same stage (Figure 2.16E). These results show that
the GFP expression in the Tg(-20kb:wnt8-GFP) fish is consistent with the pattern of wnt8
transcripts.
2.10.3 Endogenous Wnt8 has graded expression from
the margin to the animal pole
To analyse in more detail the blastoderm margin domain, we performed
wholemount antibody staining with a GFP antibody in Tg(-20kb:wnt8-GFP) embryos.
These embryos were then flatmounted and imaged on a confocal microscope. In 60%
epiboly embryos we could detect occasionally GFP expression at the margin but not in a
consistent manner (data not sown). In contrast, at 80% epiboly stage GFP was detected in
a consistent punctate pattern that appeared to form a gradient with higher intensity at the
margin compared to the animal pole (Figure 2.17). To confirm the existence of a gradient
in a more quantitative way, we quantified the fluorescence levels in these flat mounted
embryos. For this purpose, fluorescence intensity profiles were determined for a
rectangular area along the anterior-posterior axis (Figure 2.17A,C). The intensity profile
plots show that fluorescence levels increase from the animal pole to the margin (Figure
2.17B,D).
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Figure 2.17 Endogenous Wnt8 has graded expression in the margin
(A,C) Tg(-20kb:wnt8-GFP) 80% epiboly stage embryos stained with a GFP antibody. GFP is
detected in a punctate pattern that forms a gradient with increasing intensity from the animal pole
(left) to the margin (right). (B,D) Plot profile of the fluorescence intensity against the distance
corresponding to the area delimited by the rectangle in A or C, respectively. (A,C) flat mount
view, animal pole is to the left, margin to the right; maximum projections of confocal stacks. C is
a higher magnification of the margin area.
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3 DISCUSSION
Wnt proteins have key roles in patterning of multicellular animals, acting at a
distance from their sites of production (Zecca et al., 1996; Kiecker and Niehrs, 2001).
Although their function as morphogens is established, it is not well understood how these
molecules propagate in order to exert their long-range activities. This question has
become even more important due to the discovery that Wnts harbour post-translational
lipid-modifications (Willert et al., 2003). The attachment of lipid moieties enhances
association with membranes and should therefore limit propagation of Wnt molecules by
simple diffusion in an aqueous environment. Most studies addressing cellular
mechanisms involved in Wnt propagation have been done in the fruit fly Drosophila
whereas such information in vertebrate organisms is largely missing. Here, I discuss my
findings on the subcellular localization of zebrafish Wnt8, as an example of a vertebrate
Wnt. Furthermore, I discuss the possible roles of palmitoylation and receptor interaction
in Wnt8 propagation and Wnt8 signaling function as posteriorizing factor of the
neuroectoderm, during early brain development.
3.1 Biological activity of Wnt8 fusion proteins
In studies of cellular and sub-cellular localization of proteins in vivo, it has
become a common practice to use fluorescent protein tags, which are fused to the protein
of interest. The resulting fusion proteins can be easily used in combination with
fluorescence microscopy both in cell culture and in whole organisms. Nevertheless, the
addition of a fluorescent tag to the protein of interest can sometimes hinder the activity of
the latter. In this study, I addressed the sub-cellular localization of zebrafish Wnt8 by
using a fusion protein consisting of Venus [a variant of Yellow fluorescent Protein,
(Nagai et al., 2002)] attached to the C-terminus of Wnt8, which I refer as Wnt8-Venus. In
gain-of-function experiments, Wnt8-Venus is able to posteriorize the neurectoderm,
resulting in a lack of anterior brain structures in a one-day old embryo. This is consistent
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with the effect of overexpression of a non-tagged Wnt8 version (Kelly et al., 1995; Erter
et al., 2001; Lekven et al., 2001). In addition, in paracrine assays, Wnt8-Venus represses
its target gene otx2 in a cell-non-autonomous manner, as described for the non-tagged
Wnt8 (Rhinn et al., 2005). In conclusion, both in autocrine and paracrine assays, the
attachment of Venus does not abolish the biological activity of the Wnt8 protein and the
Wnt8-Venus fusion protein is therefore a valid tool to study Wnt8 protein sub-cellular
localization in vivo.
3.2 Wnt8 sub-cellular localization
Similar to what has been described in Drosophila for wingless (Wg), I found
that Wnt8 forms punctate structures. These Wnt8 punctae are present in both producing
cells but also in the receiving tissue. Importantly, the same punctate structures could also
be detected in a transgenic line, which expresses a Wnt8-GFP fusion protein under the
control of the endogenous promoter, indicating that Wnt8 punctae are not just an artifact
of strong overexpression. Using clones of Wnt8 expressing cells, I could disentangle the
sub-cellular localization of Wnt8 in the receiving tissue from the one in cells that produce
Wnt8. My findings that Wnt8 associates with the cell membranes in the receiving tissue
is also consistent with previous biochemical studies in cell culture which show that Wnt
proteins associate with the cell surface (Papkoff and Schryver, 1990; Smolich et al.,
1993; Schryver et al., 1996). Similarly, in producing cells Wnt8 punctae were found at
the cell membrane. A very surprising observation was that in the same producing cells,
these punctae were often seen in long and thin membranous protrusions, which I refer to
as filopodia.
3.3 Wnt8 association and release from filopodia
The finding that Wnt8 associates with filopodia of producing cells in the live
embryo indicates a possible role of these structures in Wnt propagation. The involvement
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of cell protrusions has in fact been suggested to mediate transport of Dpp in the wing
imaginal disc of Drosophila, however, in contrast to my observations, the protrusions
emanate from the receiving cells rather from producing cells. In this case, protrusions of
receiving cells contain Dpp-receptor Thickvein (Ramirez-Weber and Kornberg, 1999;
Hsiung et al., 2005). Interestingly, in cell culture experiments, processes from Shh-
receptor Patched expressing cells are shown to contact filopodia from Shh-expressing
cells, resulting in Shh internalisation even when using a membrane-bound Shh form was
used (Incardona et al., 2000). Remarkably, in zebrafish, Shh was also found to be
associated with filopodia of producing cells (A. Siekmann and M. Brand, unpublished
results). Conceivably, Wnt8 might be transferred either directly to the plasma membrane
or to membranous processes of the receiving cells. Further experiments would be
necessary to address this question.
In mouse, Shh was detected in Nodal Vesicular Parcels (NVPs), extracellular
membranous particles containing lipophilic granules, released from dynamically
protruding microvilli and carried by nodal cilia movement (Tanaka et al., 2005). I show
that most released Wnt8 punctae do not colocalise with RFP-GPI labelled membranes of
the releasing cells. In addition, my immunoelectron microscopy studies also show that
extracellular Wnt8 is not associated with vesicular structures. This argues against a
possible release of Wnt8 in membranous vesicular structures. Alternatively, Wnt8 might
be released by attachment to lipoprotein particles, similar to the argosomes described to
carry Wg in the Drosophila wing disc (Panakova et al., 2005). However, argosomes were
also shown to associate with many GPI-linked proteins, possibly via their GPI anchor.
My data indicates that there is very little colocalisation of Wnt8 punctae with GPI-
positive structures. In fact, I generally observe very few RFP-GPI-positive structures at a
distance from the expressing cells, arguing that neither NVPs nor argosomes or any
similar structures are prominent during zebrafish early development.
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3.4 Role of palmitoylation in Wnt8 propagation
Several secreted signaling molecules are lipid-modified but the role of these
modifications still remains controversial (Miura and Treisman, 2006). Palmitoylation can
regulate membrane binding, trafficking, targeting and, additionally, enhances interaction
with subdomains of the plasma membrane termed lipid-rafts (Resh, 2006). Lipid-rafts are
detergent resistant membrane microdomains which have been implicated as platforms for
signal transduction and cell activation (Simons and Toomre, 2000). In fact, lipid-
modification was shown to be necessary for raft targeting of Wg in Drosophila (Zhai et
al., 2004). I observe Wnt8 in punctate strucutures localised in the plasma membrane and
in membranous protrusions. These punctae represent most probably an aggregated form
of the protein and it is plausible that this aggregation reflects sorting into lipid-rafts. A
detailed biochemical analysis would be necessary to clarify this possibility.
Wnt8 punctae could also represent Wnt accumulation in a protein signaling
complex. A recent study shows that Wnt can induce aggregation of its co-receptor LRP6,
forming a large complex called the LRP6 signalosome (Bilic et al., 2007).
The conserved palmitoylated cysteine occupies the position 77 (C77) in murine
Wnt3a and the corresponding residue was also shown to be palmitoylated in both
Drosophila Wingless (Wg; ortholog of Wnt1) and Wnt8 (Willert et al., 2003; Zhai et al.,
2004). A second lipid, an unsaturated fatty acid (palmitoleic acid), is attached to another
conserved residue, a serine at position 209, in murine Wnt3A (Takada et al., 2006).
While S209 acylation is required for correct intracellular targeting and secretion (Takada
et al., 2006), C77 acylation seems to be required for the signaling activity of the secreted
protein (Willert et al., 2003). To address the role of palmitoylation in wnt8 propagation
and signaling, I used Wnt8-VenusC55Y with a mutation on the conserved cysteine
residue that is equivalent to the murine C77 (Willert et al., 2003). My results show that
Wnt8-VenusC55Y is still targeted to membrane structures, which is not surprising
considering that Wnt proteins harbour a second lipid-modification, as it was
demonstrated for murine Wnt3a and also for chick Wnt1 and Wnt3a (Galli et al., 2007,
Takada, 2006 #286). In the chick, gain-of-function studies show that porcupine, the acyl-
transferase responsible for palmitoylation, steepens the Wnt gradient in the neural tube
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and shortens the Wnt range of activity (Galli et al., 2007). Similarly, in Drosophila,
palmitoylation of Spitz, a ligand for the EGFR (Epidermal Growth Factor Receptor),
restricts its range of activity (Miura et al., 2006). In contrast, palmitoylation is required
for the formation of a soluble multimeric Hedgehog (Hh) protein complex and long-range
signaling (Chen et al., 2004). Consistent to what has been observed for Hh, my data
suggest that the first lipid-modification is necessary for long-range propagation of Wnts.
Additionally, when using β-catenin as a read-out, signaling activity of Wnt8VenusC55Y
is restricted to cells with direct contact to the producing cells, which indicates a role of
palmitoylation in long-range Wnt activity, similar to what is described for Hh. Although
it has not been demonstrated that Wnt can form such soluble protein complexes, it is an
attractive hypothesis, considering that both Hh and Wnt proteins carry a double lipid-
modification (Ingham, 2001; Willert et al., 2003; Takada et al., 2006).
3.5 Role of Frizzled in Wnt8 activity
In zebrafish, two Frizzleds, Frizzled-8c (Fz8c) and Frizzled-9 (Fz9) have been
proposed to be receptors for Wnt8 (Momoi et al., 2003). In this study, the authors
describe that the expression patterns of both fz8c and fz9, as detected by in situ
hybridization, overlap with that of wnt8, during gastrulation. My results for the
expression pattern of these genes differ from those described, particularly in the case of
fz8c, where no transcripts were detected until late gastrulation stages. The reason for
these discrepancies is not clear but could lie on the different in situ hybridization probes
used in both studies. Momoi and colleagues used mRNA probes generated from short
PCR fragments while I generated full-length ORF probes.
Based on the expression pattern analysis, I argue that fz9, but not fz8c, has an
adequate spatial and temporal pattern to be mediating Wnt8 signaling from the
blastoderm margin. Remarkably, the expression pattern of fz9 is very similar to the
expression pattern of gbx1 (Rhinn et al., 2003), which was shown to be a direct target of
wnt8, being induced both cell- and non-cell-autonomously (Rhinn et al., 2005).
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A relationship between morphogen and receptor and its effect on gradient
formation has been studied for different morphogen molecules. Hh can limit its own
range of signaling by stimulating the expression of its receptor Patched, which then
sequesters Hh and prevents its further propagation (Tabata and Kornberg, 1994; Chen
and Struhl, 1996). Dpp promotes the extension of its signaling range by downregulating
the expression of the receptor Tkv, which limits Dpp propagation either by sequestering
Dpp or by enhancing its degradation (Lecuit and Cohen, 1998; Tanimoto et al., 2000;
Teleman and Cohen, 2000). For Wg, the effect of receptors on its concentration gradient
is not so clear. Fz and Fz2 function redundantly to transduce Wg signaling. An early
study suggested that Wg promotes its own long-range signaling by down-regulating fz2
expression (Cadigan et al., 1998). However, fz2 overexpression resulted in a stabilization
of Wg, broadening of the Wg gradient and an increase in signal transduction. A model
was proposed where Fz2 limits Wg propagation close to the Wg expression domain but
promotes it at a greater distance. Recent studies, however, showed that in fz-fz2 double
mutant clones Wg extracellular levels and range was increased, as also seen with fz2
overexpression (Baeg et al., 2004; Han et al., 2005). These results indicate that Wg
receptors limit the propagation of Wg rather than enhance it.
How does fz9 affect Wnt8 activity? Wnt8 directly regulates the expression of
otx2. Wnt8 gain-of-function leads to repression of otx2, while wnt8 loss-of-function
results in an expansion of the otx2 domain (Erter et al., 2001; Lekven et al., 2001; Rhinn
et al., 2005). My results from Fz9 overexpression resemble the situation when Wnt8
activity is lost, suggesting that high amounts of the receptor lead to a decrease in Wnt8
signaling range from the margin.
In zebrafish embryonic cells, Wnt11 was shown to induce the formation of
patches of its receptor, Frizzled 7, at the plasma membrane in a concentration dependent
manner (Witzel et al., 2006). Frizzled 7 was localized uniformly at the plasma membrane
under non-stimulating conditions. The formation of these Frizzled7-Wnt11
accumulations seems to depend on the specificity of the ligand-receptor pair, because it
was not observed upon combination of Fz7 with another ligand, Wnt3a or of Wnt11 with
an Fgf receptor (Witzel et al., 2006). My observations that Wnt8 and Fz9 also form
clusters at the membrane is indicative of an interaction between the two molecules. One
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attractive hypothesis is that the receptor captures the signaling molecule, preventing it
from propagating further. This would be in agreement with the results obtained in the
frizzled9 overexpression studies, where the signaling range of Wnt8 is reduced.
Interestingly, the formation of clusters was not observed when I combined Fz9
with Wnt8-VenusC55Y, suggesting that the non-palmitoylated molecule is not able to
interact with the receptor as efficiently as Wnt8-Venus. Indeed, recent studies
demonstrate that palmitoylation is required for binding of Wnt molecules to their
respective receptors. A lipid-unmodified form of Wnt3a does not bind to its receptors,
Fz8 and LRP6 and is not able to induce β-catenin accumulation (Komekado et al., 2007).
The lipid-unmodified form of Wnt5a does not bind to Fz5 and lacks the abilities to inhibit
Tcf activity and to stimulate cell migration (Kurayoshi et al., 2007).
3.6 Wnt8 gradient and neural plate patterning
Previously, Momoi and colleagues argued against a possible Wnt gradient in the
zebrafish neural plate based on the observation of nuclear localization of β-catenin only
in wnt8-expressing cells in the blastoderm margin at 70% of epiboly stage (Momoi et al.,
2003). However, the timing for Wnt8-dependent onset of gbx1/otx2 implies that a Wnt
gradient should operate in the neural plate before 70% of epiboly (Rhinn et al., 2005).
Indeed, I could detect the presence of a gradient of nuclear β-catenin prior to 70%
epiboly. This is consistent with studies in other organisms, which suggest that a Wnt/β-
catenin signaling gradient should be responsible for AP patterning in the neuroectoerm.
In Xenopus gastrula, Wnt activity declines in the neural plate from high caudal to low
rostral levels (Kiecker and Niehrs, 2001). In chicken, different concentrations of Wnt-
conditioned medium induce the expression of different regional markers in neural plate
explants, suggesting the presence of a graded Wnt activity (Nordstrom et al., 2002). In
addition, my transplantation experiments show that Wnt8 can induce β-catenin nuclear
translocation in a cell non-autonomous manner over several cell diameters in the
gastrulating embryo. Most importantly, Wnt8 protein is indeed found in a graded
distribution in the neurectoderm, in a fish transgenic line, where a Wnt8-GFP fusion
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protein is expressed under the control of the Wnt8 promoter. Therefore I suggest that
during the early and midgastrulation stages in zebrafish, similar to Xenopus and chicken,
a graded Wnt8 signal is generated from the blastoderm margin with essential contribution
to neural A-P patterning.
It is noteworthy to mention that Wnt8-GFP in the Tg(-20kb:wnt8-GFP) line is
found at a distance of approximately 250 µm from the blastoderm margin. This distance
corresponds more than 12 cell diameters, considering that the cells at this stage have a
diameter of approximately 20 µm. Therefore, there is a considerable difference in relation
to the distance at which Wnt8-Venus was detected away from clones of overexpressing
cells at animal pole (up to 3 cell diameters). One possible explanation for this difference
is that the receiving cells adjacent to the endogenous Wnt8 domain are more permissive
to Wnt8 propagation than the non-endogenous domain at the animal pole.
Surprisingly, palmitoylation-impaired Wnt8-VenusC55Y did not show any
activity upon global overexpression, despite the fact that it could induce nuclear
translocation of β-catenin in a transplantation assay. Probably, the level of β-catenin
activation does not suffice to reach the threshold necessary for otx2 repression. Indeed,
the intensity of nuclear β-catenin staining induced by Wnt8-VenusC55Y is lower than
that induced by Wnt8-Venus. Also, in cell culture experiments, murine Wnt3aC77A
shows reduced levels of β-catenin activation when compared to the wild-type Wnt3a
protein, both in paracrine and autocrine assays (Willert et al., 2003). These results can be
explained by the lower interaction of the palmitoylation-defective Wnt8 with the
receptor.
3.7 Wnt8 short-range and long-range signaling
activity
As mentioned in the Introduction, four main types of mechanisms have been
proposed to explain how morphogens move from source to targets cells: (1) diffusion in
extracellular space; (2) transcytosis; (3) propagation in lipoprotein particles and (4) direct
transfer through receiving-cell-derived cytoneme-like protrusions.
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I found that Wnt8 propagates through live tissue in membrane associated,
punctate structures. Importantly, I do not detect internalization of these structures by
neighbouring cells arguing against transcytotic propagation. In expressing cells, these
Wnt8 puncta localise to filopodial protrusions, from which the protein is released to
neighbouring cells.
Expression of a mutated Wnt8 version, that lacks the conserved cysteine which
should harbour palmitoylation, demonstrates that this filopodial release requires
palmitoylation. I show that the Wnt-filopodia pool remains unchanged while there is a
significant reduction of the released pool in the case of the palmitoylation-defective Wnt8
protein. Although mutant Wnt8 is able to signal in an auto- and juxtacrine manner, it fails
to exert long-range signaling effects, reflected by a significantly reduced range of
nuclear β-catenin induction. I thus propose a model in which the two different pools of
Wnt protein exhibit distinct signaling activities. Filopodia-associated Wnt is involved in
short-range signaling activities, while long-range signaling activity requires release from
filopodia of donor cells (Figure 3.1).
Figure 3.1. Model for Wnt signaling mechanisms.
Wnt proteins can segregate into two different pools, filopodia-associated and released Wnt, which
exhibit distinct signaling activities. On one hand, filopodia-associated Wnt (yellow) can signal to
cells in its immediate vicinity and I therefore propose it is involved in short-range signaling
activities. On the other hand, Wnt release from filopodia (green) is required to transmit the signal
to cells at a considerable distance indicating that the second pool functions mainly in long-range
signaling activities.
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In the zebrafish neuroectoderm, the onset of gbx1 expression occurs close to the
wnt8 domain with little or no overlap, and the otx2 expression domain is situated eight to
ten cell diameters away from the wnt8 domain at 60% of epiboly (Rhinn et al., 2005).
Therefore, in what concerns neural plate patterning, I predict a requirement for long-
range signaling activity of Wnt8. Given the additional roles of Wnt8 for instance in
mesoderm patterning (Kelly et al., 1995; Ramel et al., 2005) it would be interesting to
determine whether the same mechanisms operate in distinct developmental contexts.
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4 MATERIALS AND METHODS
4.1 Materials
4.1.1 Technical equipment
Ball-joint-holder WPI
Glass capillaries WPI TW100F-3 (injection); WPI
TW100-3 (transplantation)
Magnet holder MB-B (Kanetec)
Microbeveler 48000 (WPI)
Microinjectors PV820 Pico-Pump with foot pedal
(WPI)
Micromanipulators Narishige MN-151; Narishige MO-155
(transplantation)
Needle puller Flaming/Brown P87 (Sutter)
Pipette holders MPH6S ( in j ec t i on ) ;  MPH3
(transplantation)
Glass rings MNK-145-030K (Fisher Scientific)
Stereomicroscopes Olympus SZX12
Olympus MVX10 with DP71 digital
camera
Microscopes Zeiss Axioplan 2
Olympus BX61
Confocal microscopes Zeiss LSM510 Meta
Leica TCS-SP5
Electron microscope Tecnai 12 Biotwin (FEI, Eindhoven)
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4.1.2 Chemicals
All chemicals, if not noted otherwise, where purchased from Applichem, Merck,
Roth and Sigma. Agarose was purchased from Pharmacia, while Low melting point
(LMP) agarose was purchased from Invitrogen.
4.1.3 Reagents and buffers
E3 medium: 5 mM NaCl, 0.17 mM KCl, 0.33 mM CaCl2 x 2
H2O, 0.33 mM MgSO4 x 7 H2O, 0.2‰ methylene
blue, pH 6.5
Danieau’s buffer 58 mM NaCl, 0.7 mM KCl, 0.4 mM MgSO4, 0.6
mM Ca(NO3)2, 5 mM HEPES, pH 7.6
Ringer 116 mM NaCl, 3 mM KCl, 4 mM CaCl2 x 6H2O, 4
mM MgCl2 x 6H2O, 5 mM HEPES, pH 7.6
Penicillin and streptomycin: 10000 units penicillin/ml and 10000 µg/ml
streptomycin (Invitrogen)
Mounting medium: 1% (m/v) LMP agarose (Invitrogen) in E3 medium
Hybridization solution (Hyb+): 50% deionized formamide, 5x SSC, 0.1% Tween-
20, 0.5 mg/ml torula (yeast) RNA, 50 µg/ml
heparin, pH 6.0 (adjusted by adding 92 µl 1M
citric acid per 10 ml Hyb+)
MABT: 150 mM NaCl, 100 mM maleic acid, pH 7.5
SSC (20x): 300 mM NaCl, 300 mM Na-Citrate, pH 7.0
PBS: 1.7 mM KH2PO4; 5.2 mM Na2HPO4; 150 mM
NaCl
PBST: PBS, 0.1% Tween-20
PBSTr: PBS, 0.1% Triton X-100
PFA 4%: 4% (w/v) paraformaldehyde, 81 mM Na2HPO4 19
mM, NaH2PO4
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Mini-ruby Dextran, tetramethylrhodamine and biotin, 10000
MW, lysine fixable, stock at 50 mg/ml (D3312,
Invitrogen)
4.1.4 Molecular biology reagents
All used restriction enzymes were purchased from New England Biolabs (NEB)
and MBI-Fermentas. DNA ladder and RNA ladder were purchased from MBI-Fermentas.
For polymerase chain reaction (PCR), the used DNA polymerases were Platinum Pfx
(Invitrogen) and AmpliTaq (Applied Biosystems).
4.1.5 Molecular biology kits used
Name  Company  Application
BAC subcloning Kit Gene Bridges
Subcloning of BAC fragments by
homologous recombination
DIG labeling kit Roche Synthesis of in situ hybridization probes
DNA ligation Kit Takara Ligation of DNA fragments
Endo Free Maxi-prep
Kit
Qiagen
Endotoxin-free purification of plasmid
DNA from bacteria cultures
Gel extraction kit Qiagen Purification of DNA from agarose gels
Message Machine Kit Ambion Synthesis of mRNA for injection
Mini/Midi-prep Kit Qiagen
Small/big scale purification of plasmid
DNA from bacteria cultures
PCR Purification Kit Qiagen Purification of PCR and digestion products
QuickChange Site-
Directed Mutagenesis
kit
Stratagen Introduction of point mutations in DNA
TOPO-Cloning Kit Invitrogen Subcloning of DNA fragments
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4.1.6 Plasmids and constructs
Several DNA constructs were used for generation of in situ hybridization probes
and mRNA for injection. In general, constructs used for probes were based on
pBluescript II SK vector (Stratagene), while constructs used for mRNA for injection were
based on pCS2+ vector (provided by D. Turner, Washington).
Antisense riboprobes:
Name Vector backbone Source/Reference
gbx1 pBluescript SK- (Rhinn et al., 2003)
otx2 pBluescript SK- (Mercier et al., 1995)
fz8c PCR4 Blunt This study
fz9 pBluescript SK+ This study
mRNA for injection:
Plasmid name Gene Vector backbone Source
Wnt8-Venus Wnt8 pCS2+ M. Rhinn
Wnt8-VenusC55Y Wnt8C55Y pCS2+ This study
mb-mRFP Xenopus K-ras (C-
terminal fragment)
pCS2+ (Iioka et al., 2004)
mRFP-GPI GPI pCS2+ A. Siekmann
Fzd9 Frizzled9 pCS2+ This study
Fzd9-mRFP Frizzled9 pCS2+ This study
4.1.7 Antibodies
Name Antigen Species Source Dilution
GFP Green Fluorescent
Protein (GFP)
Rabbit
polyclonal
Invitrogen,
A11122
1:2000
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β-catenin Recombinant
chicken β-catenin
Mouse
monoclonal
Sigma, C7207 1:1000
Alexa Fluor
488-conjugated
anti-rabbit IgG
Rabbit IgGs Goat
polyclonal
Invitrogen,
A11008
1:1000
Alexa Fluor
546-conjugated
anti-rabbit IgG
Rabbit IgGs Goat
polyclonal
Invitrogen,
A11010
1:1000
Alexa Fluor
568-conjugated
anti-mouse IgG
Mouse IgGs Goat
polyclonal
Invitrogen,
A11004
1:1000
4.2 Methods
4.2.1 Embryo staging and maintenance
Fish maintenance and embryo collection was carried out as described
(Westerfield, 2000). Embryos were raised in E3 media at 28ºC and staged according to
morphological criteria described by (Kimmel et al., 1995). Wild-type embryos used in
this study belonged to TL (Tupfel long fin) and AB strains.
4.2.2 Injection of DNA and mRNA into embryos
4.2.2.1 Embryo preparation
For most injection experiments, embryos were harvested into petridishes with
E3 medium, briefly after spawning. For chemical dechorionation, embryos were
incubated in E3 medium containing Pronase (Sigma; 1 mg/ml) until the first embryos fell
out of their chorions, after what they were washed several times with E3 medium.
Dechorionated embryos were transferred with a fire-polished glass Pasteur pipette into an
agarose-coated injection petridish (2% agarose in E3) with E3. The injection petridish
contained depressions, created by a custom made mold, which hold the embryos.
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For DNA injection, freshly laid eggs, kept in E3 medium, were lined up on the
edge of a slide placed into the lid of a petridish with the help of a plastic Pasteur pipette.
The excess of medium was removed allowing the slide to adhere onto the petridish. The
embryos became then stably positioned at the edge of the slide and were placed in the
desired orientation for injection.
4.2.2.2 Injection apparatus and needles
The injection needles were prepared from glass capillaries containing an internal
filament, which allows backfilling. The desired shape of the needle was obtained using a
needle puller (Flaming/Brown P87 Sutter Instruments). Then, the injection needle was
loaded with 2µl of injection solution and put into a micropipette holder, mounted on a
micromanipulator. The micropipette holder was connected with a pneumatic pico pump
PV820. The amount of injected solution was estimated from the concentration and the
volume of a spherical drop of injection solution injected into mineral oil at the same
pressure settings.
4.2.2.3 Injection of mRNA
Stock mRNA solutions with a concentration of 1µg/µl were stored at –80ºC. To
prepare the mRNA solution for injection, the stock mRNA was thawed on ice and a
dilution was prepared on ice using RNase-free water and 0,2% phenol red. In some
experiments, mini-ruby (see materials section) was added to the injection solution. For
global expression, mRNA solution was injected into the cytoplasm of 1-cell stage
embryos. Mosaic injections were performed by injecting into one cell of a 32 to 64-cell
stage embryo. After injection, the embryos were placed into E3 media and incubated at
28ºC.
4.2.2.4 Injection of DNA
Injection of plasmid DNA to generate transgenic zebrafish was performed at the
one-cell stage with a DNA solution containing 25-50 ng/µl DNA and 0,2% phenol red.
This solution was injected through the chorion into the forming first cell of the embryo.
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4.2.3 Cell-transplantation
4.2.3.1 Preparation of the transplantation setup
For transplantation experiments, a special transplantation dish was prepared, by
puting boiled agarose (2% in Ringer medium) into a Petri dish and adding a custom made
mold which leaves imprints within the solidified agarose. These agarose coated
transplantation dishes contain rows with depressions, in each of which one embryo can be
oriented in a stable way. Transplantation needles were prepared from thin wall
borosilicate glass capillaries without internal filament by the use of the needle puller
(Flaming/Brown P87 Sutter Instruments). The tip of the needle was removed with
forceps. The needles were sanded using a capillary grinder (Bachofer) and thereby a
bevelled opening was generated. This opening was adjusted to the desired size,
depending on the developmental stage of the embryos used for transplantation.
Transplantations were performed using an air-filled transplantation setup consisting of a
transplantation needle, a capillary holder and a manipulator, attached to a PR-tubing and
a 1ml syringe to control the graft.
4.2.3.2 Transplantation
For transplantation experiments, one-cell stage embryos were injected with
mRNA solution or mini-ruby and incubated at 28ºC. Before transplantation, embryos
were checked for fluorescent signal on a U.V. dissecting microscope and fluorescent
embryos were selected for the experiment. Embryos were then transferred into the
depressions of an agarose coated transplantation dish (1,5% agarose in Ringer),
containing Ringer, using a glass Pasteur pipette. Donor embryos were lined up in one row
and host embryos were placed in the adjacent row. Cells were sucked from donor
embryos and expelled into host embryos. After transplantation, the embryos were
transferred into agarose-coated Petri-dishes and incubated at 28ºC until they reached the
required stage either for imaging or fixation.
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4.2.4 Whole-mount in situ hybridization (ISH)
For in situ stainings embryos were fixed in 4% paraformaldehyde overnight at
4°C, washed for 3 times for 5min and dechorionated manually in PBST (0.1% Tween-20
in PBS). After dechorionation embryos were dehydrated by transfer into 50%
methanol/PBS and 100% methanol and stored at –20°C for at least 30 minutes.
Rehydration was performed by transfer into 50% methanol/PBS and PBST, followed by
post-fixation in 4% PFA for 20 minutes and subsequent washes in PBST. The embryos
were transferred into 0.5ml tubes and were pre-incubated in Hyb+ solution for 1 to 6h at
65°C, followed by hybridization over night at 65°C with the probe diluted in Hyb+. The
embryos were washed at 65°C for 10 min each with Hyb+/2x SSCT 2:1, Hyb+/2x SSCT
1:2, 2x SSCT and 2 times 30 min in 0.2x SSCT. Then, probes were washed at room
temperature for 10 min each in 0.2x SSCT/MABT 2:1, 0.2x SSCT/MABT 1:2 and
MABT followed by 1h incubation with 2% DIG-blocking solution (Roche Diagnostics,
Germany) in MABT. After 3h incubation at room temperature with anti-DIG antibody
(Roche Diagnostics, Germany) diluted 1:5000 in 2% Block in MABT, embryos were
washed 4 times 15 min each with MABT at room temperature. Embryos were transferred
into 24-well plates and incubated in BM Purple detection solution (Roche Diagnostics,
Germany). The staining was performed for several hours at RT in the dark and stopped
by washing 3 times with PBST, followed by re-fixation with 4% paraformaldehyde for 30
min and sub-sequent washing in PBST. Embryos were cleared in a series of glycerol
solutions with increasing concentrations (30%; 50%;70% glycerol in PBST) at room
temperature and stored in 70% glycerol in PBST at 4°C.
4.2.5 Whole-mount antibody staining
Embryos were collected in glass vials and fixed in 2% PFA in PBS over night at
4ºC. On the next day, the embryos were washed three times 5min with PBST
(0.1%Tween20 in PBS) and incubated in blocking solution (10% normal goat serum;
0.1%Triton; PBS) for 1h at room temperature. Next, embryos were incubated with
primary antibody for 1h at room temperature. Afterwards, embryos were washed 3 times
for 15min with PBSTr (PBS; 0.1%Triton) and were incubated with the secondary
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antibody for 1h at room temperature. Antibodies were diluted in PBSTr (PBS;
0.1%Triton) containing 1% normal goat serum. Alternatively, the incubation with
primary or secondary antibodies can be done over night at 4°C. The working dilutions of
antibodies used in this study are listed in the material section. After an additional washing
step of 3 times 10min with PBSTr (PBS; 0.1%Triton), the embryos sorted into moulds of
the agarose coated transplantation dish (for preparation see transplantation method),
containing PBST solution and oriented with the side of interest facing up. The embryos
were than scanned using an upright confocal microscope (see 4.2.7 image acquisition and
processing).
4.2.6 Biotin detection of transplanted cells
To detect the transplanted mini-ruby labeled donor cells in a host embryo,
Vectastain Elite ABC kit (Vector Laboratories, USA) was used. First, 16 ml of each
solution A (streptavidin) and solution B (biotin-peroxidase) were diluted in 1ml PBST
and incubated for 30 minutes. After in situ hybridization, embryos were washed with
PBST and then incubated in the previously prepared AB solution for 45 minutes at room
temperature. Then, they were washed 5 minutes, 10 minutes and 15 minutes with PBST
and stained using DAB tablets (Sigma), according to manufacturer’s instructions. The
reaction was stopped by several washes in PBST.
4.2.7 Image acquisition and processing
For localization studies of fluorescent tagged proteins, fixed embryos were fixed
by incubating them in 4% PFA in PBS over night at 4°C. Embryos were washed with
PBST, dechorionated and mounted in moulds of agarose-coated transplantation dishes
(see transplantation method) in PBST. Living embryos were dechorionated and also
mounted in moulds of agarose-coated transplantation dishes, containing E3 media. The
embryos were oriented with the side of interest facing up. Confocal images were acquired
on upright Zeiss-LSM-META confocal microscope with Achroplan 40x/0.8 W dipping-
objective. For co-localization studies of YFP/RFP signal, samples were acquired by line-
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by-line sequential scanning, using 488 and 543nm laser lines for excitation, HFT
488/543nm and NFT 545nm beam splitter and BP 505-550nm band-pass filter for YFP
signal and LP560 long-pass filter for RFP signal. The data was stored in a database using
LSM 5 Image Browser (Zeiss) software. The images were processed using Adobe
Photoshop. To acquire 3D time-lapse movies, defined z-stacks with a step size of 1-2µm
were recorded in a time interval of about 15 minutes (depending on the exact size of the
z-stack). 3D time-lapse movies were analyzed LSM 5 Image Browser (Zeiss) and
Volocity (Improvision). For Figures 2.16 and 2.17, a Leica SP5 confocal microscope was
used. Composites were assembled using Adobe Photoshop and Adobe Illustrator.
4.2.8 Data quantification and statistical analysis
Confocal images were analyzed and quantified using LSM 5 Image Browser
(Zeiss), Leica SP5 Lite and ImageJ v. 1.29 - 1.32 (http://rsb.info.nih.gov/ij/). Microsoft
Excel was used to further process the measured data. To analyze significance, p-values
were determined in Microsoft Excel using an unpaired t-test with a two-tailed
distribution. For all analysis a normal distribution of values was assumed. Details of the
measurements and number of analysed samples are described within the text or in the
figure legend.
4.2.9 Electron Microscopy
Transmission immunoelectron microscopy was performed in collaboration with
Dr. Paul Verkade and Jana Mäntler (Electron Microscopy Facility, MPI-CBG, Dresden).
Embryos injected with 200pg wnt8-gfp mRNA were incubated in 20%BSA in E3
medium at the 60-70% epiboly stage. After transfer into appropriate carriers, embryos
were subjected to high-pressure freezing in a Leica EM PACT2 + RTS (Leica
Microsystems, Vienna) (McDonald et al., 2007; Verkade, 2007). Afterwards the samples
were freeze-substituted to Lowicryl HM20 (Science Services, Munich) in a Leica AFS2
and the automated FSP (Leica Microsystems, Vienna) using the following protocol.
Samples were left for 20h at -90ºC in ultra pure acetone containing 0.1% osmium and
0.1% uranyl acetate. The temperature was increased to -50ºC (5ºC/h), where the samples
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were left another 20h. The samples were rinsed with ultra pure acetone and then
gradually infiltrated with Lowicryl HM20 (1:3, 1:1, 3:1, 3:1, 1:0, Lowicryl: acetone, 2h
each). The samples were again infiltrated with pure Lowicryl and after 2h the UV LEDs
were switched on. After another 24h the temperature was raised to 20C and the samples
were left another 48 h under UV. Ultrathin sections (70-nm thick) were cut on an Ultracut
microtome (Leica Microsystems, Vienna). For immunolabeling, sections were incubated
in goat anti-GFP antibody (David Drechsel, MPI-CBG) dilluted 1:10. Secondary
antibody used was 10-nm immunogold-conjugated rabbit anti-goat (Aurion, Wageningen,
The Netherlands) diluted 1:40. The samples were viewed in a Tecnai 12 Biotwin (FEI,
Eindhoven). Micrographs were taken with a charge-coupled device camera (TemCam
F214A, TVIPS).
4.2.10 Molecular biology
4.2.10.1 Generation of Fusion constructs
The cloning of DNA fragments and the generation of fusion constructs were
performed according to standard protocols described in (Sambrook and Russell, 2001).
The commercial kits (listed in the material section) were used according to
manufacturer’s instructions.
Full length cDNAs of zebrafish fzd8c and fzd9 were amplified by PCR from a
cDNA-library of 60%-70% stage embryos. Primers for PCR were designed with base on
the published sequences fzd8c and fzd9 (AF117387 and AF117388, respectively, Momoi
et al., 2003). PCR products were cloned into TOPO vectors (Invitrogen), followed by
sub-cloning into appropriate vectors for synthesizing synthetic RNA for injection or anti-
sense RNA probes for in situ hybridization. Fz9-RFP fusion was constructed as C-
terminal fusion of zebrafish fz9 cDNA, by cloning the fz9 coding sequence into pCS2+-
mRFP (a gift of Magdalena Strezeleca).
4.2.10.2 Generation of the DNA construct for trangenesis
The cloning of the DNA construct used to generate transgenic zebrafish was
performed with the BAC Subcloning Kit (Gene Bridges), according to manufacturer’s
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instructions, with some modifications. Instead of a minimal vector, an EGFP-containing
plasmid was generated, p15A-amp-EGFP (modified pEGFP-N1 with a p15A origin of
replication and ampicilin resistence gene from pACYC177), which was used as a
template for PCR. The primers used for PCR contained sequences homologous to
beginning and end of a fragment of a wnt8-containing BAC, CH211-11C15 (RZPD),
further called wnt8BAC. The primers were designed to subclone a region of the
wnt8BAC containing around 20kb upstream of wnt8 start codon and the wnt8 open
reading frame 1 (ORF1), with a modification in the stop codon, into the p15A-amp-EGFP
plasmid, so that the EGFP would be in frame with wnt8.  Positive subclones were
identified by DNA restriction digestion and re-confirmed by sequencing. For zygotic
injection, DNA was prepared with the Endo Free Maxi Prep Kit (Qiagen), according to
manufacturer’s instructions and subsequently linearized.
4.2.10.3 Screening of transgenic fish by PCR
Founder fish transmitting the transgene and F1 carriers were identified by PCR
on genomic DNA from F1 egg clutches and fin clips, respectively, with transgene-
specific primers. For extraction of genomic DNA, 50 embryos or one fin clip were
collected in a 1,5 ml tube and 500 µl lysis buffer with proteinase K added, following
overnight incubation at 55°C (with rotation or shaking). To precipitate DNA, 500 µl
isopropanol were added and the tube was mixed by inverting 10 times. After
centrifugation at13000 rpm for 15 minutes at 4°C, the supernatant was discarded and the
pellet washed with 70% ethanol. Finally, the pellet was air dried for 5-10 min, dissolved
in 100 µl H2O and 1 µl used for PCR. The primers used for PCR were the following:
w8int (forward): AACGCATGTGCATATTTCTGATGT
EGFP (reverse): AAGAAGTCGTGCTGCTTCATGTGG
4.2.10.4 Site-Directed Mutagenesis
A site-directed mutagenesis kit (Stratagene) was used to introduce single amino
acid changes or to introduce restriction enzyme sites in particular genes. This was
achieved by designing two complementary primers that harbor the desired mutations.
With those, a PCR with a proofreading enzyme was performed. Subsequently, the DNA
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was subjected to a restriction digest with DpnI. This methylation sensitive enzyme only
digests the methylated template DNA. Therefore, in the following transformation, only
mutated, newly synthesized Plasmid DNA will be amplified. These plasmids were then
analyzed for the desired mutation by sequencing.
4.2.10.5 Synthesis of poly(A) mRNA for injection
Before synthesis of mRNA, DNA of a pCS2+ expression vector, containing the
desired insert, was linearized by digest with NotI restriction enzyme for 3h at 37°C. The
pCS2+ plasmid contains a NotI restriction site after the poly (A) signal, which after
mRNA injection into the embryo mediates the generation of a poly (A) tail at the end of
synthetic mRNA, which stabilizes the RNA. The linearized DNA was cleaned using PCR
purification kit (Qiagen) according to manufacturer’s instructions. The DNA was eluted
in RNAse free water, checked for complete linearization by agarose gel electrophoresis
and its concentration was determined using a UV spectrometer. The linearized DNA was
stored at -20°C when not used immediately. Linearized plasmid DNA was then taken as
template to synthesise mRNA in vitro using SP6 polymerase reaction. This was
performed by using the mMessage mMachine kit (Ambion, UK) and following the
manufacturer’s instructions. After mRNA synthesis, the DNA was removed by a 30min
DNase digest followed by precipitation of the mRNA using LiCl according to
manufacturer’s instructions. The mRNA pellet was resolved in 12µl RNase-free water,
the quality was checked by agarose gel electrophoresis and the concentration was
determined using a UV spectrometer. Finally, the mRNA was diluted to a concentration
of 1µg/µl and stored at -80°C.
4.2.10.6 Synthesis of DIG labeled probes for in situ
hybridization
DIG labeled antisense riboprobes were synthesized from DNA plasmids
containing cDNA of the gene of interest. The plasmid DNA was first linearized with the
appropriate restriction enzyme and then used as a template for RNA synthesis, using a
DIG labeling kit (Roche Diagnostics, Germany). After synthesis, the DIG labeled RNA
was precipitated by incubation with LiCl, overnight at -20°C. The RNA was then pelleted
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by a 30-minute centrifugation at 13000 rpm at 4°C, washed with 70% ethanol and re-
suspended in 100 µl of RNase-free water. This solution was further diluted to 500 µl with
hybridization solution. Routinely, a dilution of 1:100 of this stock was used for in situ
hybridization protocols. A detailed description of all the probes used, including
corresponding references, can be found in section 4.1.6.
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